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Abstract.
In this thesis we study gravitational lensing of quasars, fom strong lensing to microlensing.
We investigate one strong lens candidate recently discoved in the COSMOS eld: COSMOS
5921+0638. Our analysis of the nature of the lens reveals thathe system is composed
of an early type foreground galaxy at redshift z=0.551 0.001 lensing a background low
luminosity AGN and its host galaxy at a candidate redshift of z;=3.14 0.05. We show that
ux anomalies observed in the lensed images are likely due tsubstructure or microlensing by
stars in the lensing galaxy. Extending the analysis of the ofical emission of lensed quasars,
we have used integral eld spectroscopy to study four gravitaitionally lensed quasar systems:
HE 0230-2130, RX J0911+0551, H 1413+117 and B 1359+154, as Weas objects in their
line-of-sight. The rst three systems show anomalous ux ratios consistent with microlensing
by stars in their lensing galaxies. In the nal part of this work, we probe the structure of
the accretion disk of the lensed quasar Q 2237+0305 by the amgsis of a high magni cation
microlensing event seen in the so-called \image C" of the syem in the year 1999. Using
multi-band observations and microIeBsing simulations, wemeasure an accretion disk size
of Gaussian width g=4:6"%7 10 M=0:IM cm and a ratio o= g=1:3"03, without
the use of any prior, and of Gaussian width =1:342 10" M=0:IM cm and a ratio
r0= g0=1:5"%:3 with a prior on the relative velocity between source and micolenses. Both
results are in agreement with the predictions of a standard &akura-Sunyaev disk model.
The use of multi-band observations revealed that the magnication event seen in image C of
Q 2237+0305 was produced by a caustic crossing with a con date greater than 74%.

Zusammenfassung.

Die vorliegende Arbeit beschaftigt sich mit durch den Gravitationslinsene ekt abgebildeten
Quasaren, vom starken Linsene ekt bis zum Mikrolinsene ekt. Die Analyse des kirzlich im
COSMOS-Feld entdeckten Linsenkandidaten COSMOS 5921+0638 zeigt, dass es sich hier-
bei um eine Vordergrundgalaxie fahen Typs bei einer Rotvaéschiebung vonz=0.551 0.001
handelt, welche als Linse auf einen leuchtschwachen AGN beainer Rotverschiebung von
zs=3.14 0.05 und dessen Muttergalaxie wirkt. Die beobachteten Flusanomalien der gelin-
sten Bilder werden wahrscheinlich durch Substrukturen ode durch als Mikrolinsen wirkende
Sterne in der Vordergrundgalaxie verursacht. Wir benutzen Integrale-Feld-Spektroskopie,
um die vier gravitationsgelinsten Quasare HE 0230-2130, RXJ0911+0551, H 1413+117,
B 1359+154 sowie Objekte entlang der Sichtlinie zu untersucen. Dabei zeigen die ersten
drei Systeme Anomalien in den Flussverhaltnissen zwische den Bildern, welche konsistent
mit dem Mikrolinsene ekt aufgrund von Sternen in den Linsengalaxien sind. Im letzten
Teil dieser Arbeit erforschen wir das im Jahre 1999 beobaclte Mikrolinsenereignis im so-
genannten, Bild C\ des gravitationsgelinsten Quasars Q 2237+0305, um de Struktur seiner
Akkretionsscheibe zu bestimmen. Mit Beobachtungen in meheren Filtern qu Mikrolinsen-
simulationen des Systems messen wir eine Gau breite vong=4:6'%7 10 M=0:IM cm
und ein Verhaltnis von _ o= go=1:3+%gg ohne die Verwendung irgendeiner A-priori-Annahme
bzw. (=1:3Q2 105 M=0:IM cmund o= g=1:5'Q3 mit einer A-priori-Annahme der
Relativgeschwindigkeit zwischen Quelle und Mikrolinsen.Beide Ergebnisse sind intberein-
stimmung mit Vorhersagen des Shakura-Sunyaev-Scheibenrdells. Weitere Einschrankungen
durch Mehr-Filter-Aufnahmen ergeben, dass das beobachtet Mikrolinsenereignis mit mehr
als 74% Wahrscheinlichkeit durch einen Kaustikdbergang ezeugt wurde.
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Introduction

The rst documented notion of light being a ected by objects in its path was by Sir Issac
Newton. In 1704, Issac Newton published his second major b&aoon physical sciences (after
Principia ), Opticks. This book included di erent experiments observed by Newta regarding
light and light related phenomena. In the rst of his \querie s"!, Newton states: \Do not
Bodies act upon Light at a distance, and by their action bend ts Rays; and is not this action
(c teris paribus ) strongest at the least distance?" (Newton 1704). In 1801, Johann Soldner,
German mathematician and astronomer, explored light de ed¢ion by massive bodies with
a Newtonian physics background. He derived that the Sun wou produce a de ection of
0.84 arcseconds to a background star in its limb. Einstein in1911, still without a complete
formulation of general relativity and not knowing about Soldner's work, obtained the same
result. However, this result was not correct. In 1915, afterthe formulation of the theory of
general relativity, Einstein realized that this value was too small by a factor of 2, as he found
that the de ection should be of 1.68 arcseconds.

Einstein encouraged astronomers to measure this de ectioras a test of his theory of
general relativity. In 1919, Arthur Eddington conrmed Ein stein's calculations during a
solar eclipse by measuring a de ection of 1.6 arcseconds dfi¢ light from a background star
during the event. Based on the fact that stars can de ect the ight from other stars, Einstein
already considered the possibility of strong distortions that would create multiple images
(strong lensing). In 1937, Fritz Zwicky extended these idea and was the rst to consider
extragalactic objects as source and de ector: this would noonly provide larger scale tests
for general relativity, but would also allow to measure the masses of bodies exerting the
de ection. More than 40 years later, in 1979, the rst gravit ational lens was discovered using
the 2.1m telescope at the Kitt Peak National Observatory in Arizona, USA (Walsh et al.
1979. This was the doubly lensed quasar Q 0957+561.

Interestingly, that same year, Chang & Refsdal (1979 suggested that individual stars in
lensing galaxies could a ect the brightness of lensed quasamages, now commonly described
as microlensing. During the 80s, Paczynski, Kayser and Refial, explored this possibility
with di erent simulations, until Irwin et al. (1989 showed the rst observational evidence

1In the book \Opticks", Newton formulates his hypothesis in q uestion form.



for quasar microlensing. They interpreted a brightness vaiation in one of the multiple images
of Q 2237+0305 as a result of this phenomenon. Until now, hunceds of gravitationally lensed
quasars have been observed and many of them show evidence foicrolensing activity.

The combination of the physically small region producing the emission in quasars, their
high luminosity and their presence in the high redshift universe, makes them ideal candidates
for gravitational lensing. Strong quasar lensing allows toprobe the cosmological scales of
the universe, providing a window into the properties of lensng galaxies and the line-of-sight
potential. On the other hand, the increased resolution powe of quasar microlensing allows to
probe the inner structure of the high redshift source quasas. These reasons have motivated
the work presented in this thesis, where we show some of the drent studies that can be
done using observations of gravitationally lensed quasarsoupled with theoretical concepts.

In the next chapter, we review the phenomenological and theetical background required
to perform the studies presented in this dissertation. We inroduce the main light source of our
study: the quasars. The current knowledge about these objes, their optical properties and
their emission, are brie y summarized. We present some of th cosmological concepts, such as
distance measures, which are a fundamental requirement fdahe the work described thereafter.
Finally, we review the gravitational lensing phenomenon. Besides describing the rigorous
mathematical formalism, we give a description of the di erent lensing regimes, the observation
of gravitational lensing and its analysis techniques. Towads the third chapter we venture
into \observational territory", where some of the concepts explained in the former chapter
are tested against a candidate strongly lensed system. In & fourth chapter, we analyze the
emission of four gravitationally lensed quasars using advaced spectroscopic techniques. This
analysis includes: the absorption in the line-of-sight to he system, the intrinsic emission of
the quasars and ux anomalies observed in the lensed imagesn the fth chapter, we show
how the use of strong gravitational lensing and extragaladc microlensing provides a tool to
study the \small" central regions of a high redshift quasar. Using the power of microlensing,
we measure the size of the accretion disk around the massiverral black hole. The nal
chapter shows a recapitulation of the work presented in thismanuscript as well as a scienti c
outlook.



Phenomenological and Theoretical
Background

The main light sources that have been the observational targts for our studies are quasars.
Quasars have high luminosities and an increased abundancea ithe early universe. These
properties, coupled with their physical structure, make them ideal candidates to be a ected
by gravitational lensing. In this chapter, we summarize the current knowledge about these
objects and their structure. We also describe some of the fuhamental cosmological concepts
that are used throughout this manuscript, in particular, th ose concepts that allow us to
de ne the di erent distance and time measurements; fundamental requirements to describe
the gravitational lensing phenomenon. Finally, we presenta review of gravitational lensing:

its theoretical formulations and an overview of the di erent regimes, their properties and uses
as tools to probe for underlying astronomical topics.

2.1 Quasars

As shown in the rest of this dissertation, we have used the optal emission of quasars in
combination with gravitational lensing to understand prop erties of objects in the line-of-
sight to them as well as the internal properties of quasars temselves. For this reason, in this
section we brie y describe their detection history, their nature and their emission.

2.1.1 Quasars through history

Quasars were already observed during the rst half of the twetieth century in the radio
regime, without much understanding of what kind of objects they were. During the late 50s,
radio observations revealed that they had very small angulasizes and were thus considered
\star-like" sources. For this reason, these objects were tferred to as \quasi stellar radio
sources”, which was later contracted to \quasars" by Chiu (1964). During the 1960s, the
optical counterparts of some of these radio emissions werebserved. In particular, spectro-
scopic analyzes revealed that they were at high redshift (z0.1), until that time, the most
distant objects ever detected Schmidt 1963. Later on, many more of these sources were

3



4 2.1. QUASARS

observed throughout the whole electromagnetic spectrum, rad it was realized that only about
10 percent of them show strong radio emission. As a result théradio" part of the name
was eliminated, coining a new name: \Quasi Stellar Object" @ QSO. Currently, both names
(quasar and QSO) are often used indi erently.

2.1.2 What and where are the quasars?

Quasars are the brightest continuous light sources in the uiverse. They emit between 10
to 100,000 times more energy than the Milky Way or more than a tillion (1012) times the
energy of the Sun, making them visible up to very high redshifs. Quasars show intrinsic
brightness variations on time scales of months, weeks and em within a day (Gaskell et al.
1987 Wagner et al. 199Q. Variability in such short time scales implies that the emission must
originate from a region smaller than the distance covered bya light ray in that particular
time lapse (i.e., sizes of light-months, light-weeks and ght-days, respectively). Such high
luminosities originating from a small region, can only be eylained by a violent and unusual
phenomenon. The dominant interpretation for the nature of these objects is that they are
galaxies with Active Galactic Nuclei (AGN): massive centra black holes (BH) in distant
galaxies accreting matter around them at very high rates Rees 1984 Such a process can
produce the high luminosities observed.

The number of known quasars has increased signi cantly in tle last decade due to large
eld surveys, allowing in depth statistical studies of densty, luminosity and emission prop-
erties. Figure 2.1 shows the integrated quasar i-band luminosity function up o M;(z=2)=-
27.6 (extracted from Richards et al. 200§. From this luminosity function we can see that
there is a clear peak in the number of quasars at redshift 2.4, this implies that they were
much more common when the universe had 20% of its current age. The exact reason for
this distribution is still under speculation. A common inte rpretation is that a quasar is a
stage in the lifetime of a galaxy, in which there is massive awretion into the central black
hole. It is suggested that the higher density of galaxies in e early universe, which leads
to higher probability of galaxy interactions, is responsible for igniting the accretion in the
galactic nuclei (Webster & Hewett 1990). Theoretical models state that accretion becomes
more ine cient as the mass of the black hole increases, whictmakes quasars nally \turn
o " ( Boyle et al. 1987, thus, explaining the lack of quasars now. Within this interpretation,
the Milky Way's central black hole could well have had active accretion at an earlier epoch.
However, even though we know that a massive black hole is prest in the center of our galaxy
(Melia & Falcke 2001), there is no diagnostic mechanism regarding its accretiorhistory. The
cut-o towards higher redshifts seen in Figure 2.1, is usually explained by selection e ects
and dust extinction. It is important to remark that these exp lanations are widely discussed
and not unique.

2.1.3 Active Galactic Nuclei emission

AGNs can emit in the whole electromagnetic spectrum (EMS). Their optical spectrum is char-
acterized by a continuum that can be described by two powerdws (e.g.,Vanden Berk et al.
2001), very broad emission lines (4000 km/s) and narrow emission lines (400 km/s).
Based on their luminosity, prominent spectral features andtemporal variation, AGNs have
received di erent classi cations, such as: LINERS (weak nwlear emission lines), Seyferts
(low luminosity AGNSs; type 1 and type 2 depending on the narrov and broad line emission)
and blazars (OVV; BL Lac; fast variations, no optical emission lines) to name a few. Since a
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Figure 2.1: Integrated quasar i-band luminosity function to M;(z=2)=-27.6. The solid
black line is from 2QZ. The squares are from the binned SDSS C&RQuasar Luminosity
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circle. Figure and caption extracted from Richards et al. (2006).



6 2.1. QUASARS

large enough number of objects have been assigned one of thedassi cations, a uni cation
theory has been elaborated Antonucci 1993): All the di erent descriptions can be due to
a single kind of object coupled with a line-of-sight e ect. Current AGN models include an
obscuring dust torus (Krolik & Lepp 1989) that surrounds it and, as the emission features
of AGNs are believed to come from di erent regions, the bloclge of light by this torus can
hide certain features depending on the point of view (see Figre 2.2).

The location where the di erent emission features are genated and the physical sizes
of these regions are of particular interest for this work (se Table 2.1 for a summary). The
di erent structural regions in the standard AGN model (whic h in general scale with the
luminosity) are:

Accretion disk: The accretion disk is formed by rapidly rotating hot material around the
massive central black hole. It produces thermal emission sponsible for the continuum
emission in the optical, UV and soft X-ray range. Variability studies tell us that the
estimated size of this accretion disk is of the order of milliparsecs (limit imposed by the
path that light can travel in the variability time scale). Th ermal models of the accretion
disk state that: the more energetic (blue) emission comes &m regions of the accretion
disk closer to the central black hole whereas the less energe(red) emission comes from
regions of the accretion disk further away from the black hoé (e.g.,Shakura & Sunyaev
1973.

Broad Line Region (BLR): As the name states, this region is reponsible for the (permit-

ted and semi-permitted) broad emission lines in the opticalspectrum. These emission
lines are produced by cold material near the accretion disk.Their broadness is mainly
due to the Doppler shift produced by the high rotation speed @ this material around

the black hole. Not much is known about the geometry and kinenatics of the Broad

Line Region, but it is subject of current study (e.g., Laor 2004). The most accurate

measure of its size comes from reverberation mapping (e.d?eterson et al. 2004, which

tells us that this region is a couple of orders of magnitude leger than the accretion

disk.

Dusty \Torus": According to the standard AGN model, the accr etion disk is surrounded
by a hot and warm dust torus. This torus is heated by photons caoning from the
continuum emitting region and are then re-emitted. This is observed as thermal infrared
emission. As mentioned before, the dust torus has a key roleniuni cation theories.

Narrow Line Region (NLR): The emission lines produced by ths region come from a
much larger (1 to 1000 pc) region of the quasar. This makes theold material to rotate
at considerably lower speeds making the emission lines nawer. These emission lines
can be permitted or forbidden.

Jet: Jets are highly collimated out ows coming from a region close to the disc. It is
observed as synchrotron emission due to charged particleshich, at the time being, are
not known. They emit in the whole electromagnetic spectrum,but their most evident
emission is in the radio regime. These jets can reach sizesdars of magnitude larger
than the quasars' host galaxies: up to 1 Mpc.



CHAPTER 2. PHENOMENOLOGICAL AND THEORETICAL BACKGROUND 7
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Figure 2.2: Depiction of an AGN. The continuum emitting region is produced on the
accretion disk around the central black hole, and the broadra narrow line emission
regions from clouds around this disk. Di erent perspectives result in di erent prominent
features. Courtesy of BeepoSAX calendar (http://www.asdcasi.it/bepposax/calendar/).

Table 2.1: Prominent Emission Components of an AGN.

Region | Size EM emission
Accretion Disk 5 10 2 pc | Thermal: Optical, UV, Soft X-ray
. . Broad emission lines
Broad Line Region (BLR) 0.01...0.1 pc (permitted & semi-permitted)
Inner Radio Jet 1 pc Radio
Nuclear Dust \Torus" 1...10 pc Thermal IR
. . Narrow emission lines
Narrow Line Region (NLR) | 1...1000 pc (forbidden & permitted)
Large-scale Radio Jet 10°...10° pc | Synchrotron: Radio

2.2 Cosmology

As quasars are located at very large distances, we need to uatstand how space and time
behaves between us and them. In this section, we show some digt fundamental cosmological
concepts that are used throughout this manuscript. They arean important requirement to
describe the gravitational lensing phenomenon discussed the next section (Section2.3). The
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concepts shown in this section are mostly based upon the worfresented by Schneider et al.
(1992, Peebles(1994 and Hogg (1999.

2.2.1 The standard cosmological model

The currently accepted cosmological model states that the noiverse has been expanding
since the \Big Bang", about 13.7 billion years ago. The histay of the universe since this
\starting point" can be briey summarized as follows: From t his initial point in time, a
plasma composed of elementary particles appeared. Due to ¢hhigh temperature of this
plasma, particles and anti-particles were constantly beiy created and annihilated. With
the cooling produced by the expansion, it is believed some dhem were \frozen out" (dark
matter particles decoupled from the plasma due to the drop intemperature). Further cooling
merged particles in the plasma, forming larger particles, atil baryonic matter was composed
by Hydrogen, Helium and Lithium nuclei, and free electrons. These nuclei and free electrons
formed atoms, eliminating the possibility of Compton scattering of photons in the plasma.
The free photons escaped as the light we see redshifted in ti@osmic Microwave Background
(CMB). At this point, the universe became neutral and entered a period of time called \the
Dark Ages": no photon-emission process existed. Self grayi between the baryonic atoms
and the pre-existing dark matter halos, produced a merging bthem into larger structures.
Eventually, the rst stars and galaxies were formed, re-ionzing the universe and rendering it
bright as it is now.

With the large amount of matter (baryonic and dark) in the uni verse, one would expect
the initial expansion to stop, or at least to slow down. Howe\er, studies of the light from
distant supernovae, have shown that the expansion of the umerse is actually accelerating
(Knop et al. 2003). This fact reveals that there is an unknown energy, which oposes gravity,
responsible for driving this acceleration; this force is cuently denominated Dark Energy.
Dark Energy makes up for about 70% of the composition of the current universe, whereas
dark and baryonic matter constitute the remaining 30% ( 25% and 5%, respectively).

The cosmological principle states that on a su ciently larg e scale, the universe is homo-
geneous and isotropic. It implies that a mathematical desdiption of space-time or a simple
metric exists. This is the Robertson-Walker metric (1933), created by two mathematicians
with the same names. It has the explicit form:

r2

2 2 2
ds? = dt?  R3(t) T

+r2(d %+ sin2d ?) (2.1)

where ds is the line element, [;r; ; ] are the co-moving coordinates of an objectk is the
curvature of the universe, R(t) is a cosmological scale factor ana is the speed of light. Neg-
ative curvature k values describe a closed universe, while positiie values describe an open
universe. The critical value k=0 denotes a at euclidean universe. The cosmological scale
parameter R(t) describes how the spatial ¢, ; ) part of the universe expands or contracts.

If we consider a light ray which travels in null geodesics (ie., ds=0) and we take a radial
path (motivated by the radial expansion of the universe), Equation 2.1 turns to:

cdt _ _ dr
R(t) "1 kr2

Integrating the rst part of Equation 2.2 between an emission timete and an observed

2.2)
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time t, and equating to the same integral betweerte+ t ¢ and to+ t o, we obtain:

Z to dt ~ Z tot to dt . (2 3)
te R(1) tet te R(1) '
Assuming the variation t R=R yields:
R(to) _ to_ e (2.4)

R(te) te o

where we replaced £t by the frequency . If we replace by the wavelength =c= we
obtain:

R(to) _ o _ 1+ z (2.5)

R(te) e

that directly relates the scale factor R(t) with the cosmological redshift z.

The temporal (cosmological time) derivative of the cosmolgical scale parameterR(t)
divided by itself, gives a measure of the expansion rate. Itd called the Hubble parameter:

_ R
H(t) = RO (2.6)

which has units of [time 1]. It re ects how fast the universe is expanding at a certain time
towards the beginning of the expansion, compared to how muclit expanded until then. For
the present cosmological time (z=0), this parameter is cakd the Hubble constantHg and it
is generally expressed in units okm s 1 Mpc . The inversion of the Hubble constant (i.e.,
1=Hy) is an expression for the age of the universe, known as the Hiibe time.

Einstein's general theory of relativity uses 10 eld equations to describe gravitational
force through descriptions of the curvature of space-time aused by matter and energy. They
have the form:

1 8G
R 50 R+ g =T (2.7)

where the eld curvature (composed by the Riccitensor:R , and Ricci curvature: R=R R )
is related to the ux and density of energy and momentum (stress-energy tensor:T ). ¢
is the metric and is the cosmological constant.

By inserting the Robertson-Walker metric (Equation 2.1) into Einstein's elds equations a
set of solutions is obtained. These solutions are known as thFriedmann-Lematre equations
that have the form:

R @ k¢ 8G
R -3 R 3 (28)
R 4G 3p 2
R- 38 '@ "3 =9
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These equations of state of the universe, relate pressurg) and density ( ) through the
scale parameter R(t). Multiplying Equation 2.8 with (R=R)?=1=H? and moving to the frame
of t=0 we can rewrite:

c? kc? 8G
3—5 + Wg + F 0o - 1 (210)
Ry Moy 1 2y
k M
where we have identi ed the cosmological constant ( ), curvature ( ) and matter ()

parameters.

The Friedmann-Lematre equations together with the expression for redshift shown in
Equation 2.5, can provide a parametrization of the Hubble parameterH (t)= R(t)=R(t) in
terms of the redshift z, with a form: H (z)= HoE(z) (Peebles 199% where:

p
E@= wm@+23+ (L+2)2+ (2.11)
Using this function we can parametrize, besides the Hubble grameter, the Friedmann-

Lematre equations and the metric as a function of the cosmimgical redshift z; a directly
observable parameter.

2.2.2 Cosmography

Cosmography refers to the di erent distance measures in canology. In the following, aided
with some of the de nitions shown previously, we describe sme of the measurements useful
within the framework of gravitational lensing.

Look-back time

Look-back time is de ned as the lapse of time between the emg&on of a photon at redshift
z and the current cosmological time ¢=0) as:

Z 2 dz
t =

o HRA+2)
It tells us how long it took for the photons to travel from redshift z to redshift z=0.

(2.12)

Co-moving distance

Co-moving distance O ¢) de nes the distance traveled by a radial light ray between aredshift
z and the present cosmological time. The fact that it is measued in co-moving coordinates,
implies that the distance traveled by the light ray needs to be scaled by the cosmological scale
parameter R(t). Eliminating the angular part ( ; ) of the metric (as shown in Equation 2.2)
and using the redshift parametrization shown in Equation 2.11 we obtain:
pe= ted Cr a  frew
o RO o 1 krZ o H(2)

This integral has an analytical solution for the special cag when =0and <1 with

the form (Peebles 199%

(2.13)

22 w@ 2) @ w)I¥ wal

DC(Z): HO Eﬂ(l_i_ Z)

(2.14)
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Proper distance

This distance measures the path covered by a light ray betwae a redshift z and the actual
cosmological time. Similarly to the co-moving distance, ths is measured for radial rays in
null geodesics, with the di erence that it is not scaled by the cosmological scale parameter
R(t), since it is de ned at a constant cosmological time:

z, z, z

R(t) dr z cdz
Dp(z cdt= p—= S V7 S 2.15
»(2) 0 o 1 kr2 o HZ)(A+ 2) ( )

Angular diameter distance

This distance is de ned as the ratio between the physical sie of an object at redshift z and
the angular size it displays at the current cosmological tine:

Dc(2)

Da(z) = 1+

(2.16)

whereD ¢ (z) is the co-moving distance (see Equatior2.13). The dividing factor (1+z) present
in the angular diameter distance makes it the only cosmologial distance that does not grow
inde nitely with redshift, but peaks around redshift z 1 (depending on the choice of cos-
mological parameters). This means that an identical objectat redshift z 1 would actually
display a smaller angular size than, for example, at z 4 (see Figure2.3).

Angular diameter distances, deal with the apparent geomety, and thus, are the main
cosmological distances used when studying light de ection As shown in the next section, in
gravitational lensing, not only the distance between the curent cosmological time (z=0) and
a redshift z is required, but also a measure of the angular diance between two objects at
arbitrary redshifts z; and z,. This is not simply Da(z2)-Da(z1) but:

r r !

DZ(zu)H3 DZ(z2)HE
Dc(zz) 1+ cho Dc(z) 1+ (—S5—2

Da(z1;22) = (2.17)

1+2z

where D¢ is the co-moving distance (Equation2.13). This expression is only valid for , 0
(Hogg 1999.

Luminosity distance

This distance relates the intrinsic luminosity of an object with its observed ux. It is de ned
as:

r—
L

D= — 2.18
L= gE (2.18)
where L is the bolometric luminosity and F is the observed ux of an object. Luminosity
distance thus is used in photometric measurements of high dshift sources, such as absolute
magnitude. It is related to the co-moving and angular diameer distances in the following
way:

D. = Dc(1+2)= Da(l+ 2)% (2.19)
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For a comparison between the di erent distances see Figur@.3. All the work presented
here-after makes use of this cosmological concepts and disice measures using cosmological
parameters xed to:

=0:7
M =0:3
k=0:0

Ho=70 kms * Mpc ?!

following the concordance model (e.g.Komatsu et al. 2008

Distance [Gpc]
T
1

Redshift (z)

Figure 2.3: Comparison between the di erent cosmological distances. hWmeasures shown
are formulated using the cosmological parameters displagiein the text.

2.3 Gravitational lensing

This section is aimed at giving a brief review of the gravitational lensing phenomenon, from
the theoretical concepts, to its observations and its uses @.an astrophysical tool. Most of
the concepts described on this section are based on the workrgsented in Schneider et al.
(1992; Narayan & Bartelmann (1996); Schneider et al.(2006.

2.3.1 Theory

The lens equation

The fundamental equation of gravitational lensing is the lens equation. There are many
approaches to derive it. Here, we present a geometrical appeach, based on the formulation
rst shown by Refsdal (1964b).
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Figure 2.4: Typical geometric scenario of a gravitational lens. The lidit emitted from a
source (S) is de ected by an angle® due to the gravitational potential produced by the
massive lens (L) before reaching the observer (O). shows the angle between the lens (L)
and the \apparent" position of the source (the image ), wheeas is the angle between
the lens (L) and the \real" position of source (S). denotes the impact parameter of
the light ray with respect to the lens, is the projected distance between the lens (L)
and the source (S) and is the projected distance between the source (S) and the imag
(). DoL, Dos and D s are the angular diameter distances (see Equation2.16 and
2.17) between the observer and the lens, the observer and the smand the lens and the
source, respectively.

In the geometrical scheme shown in Figure.4, the assumptions that all the angles involved
are very small and the lens is very thin when compared to the he-of-sight distances imply
that:

! 2H = 20
Dos= Dops+ ™D s: (2.20)
| | |
Replacing withn = =D . we obtain, in terms of the impact parameter
] D !
C =2 D) (2.21)
oL
|
or in terms of the angle
Lo D.d L
= 0= 0 (2.22)
(O

where we have used the fact thatDo!s = DLS! N, Equation 2.22 is the lens equation. It
relates the observed positions of a source with its actual pgtion. As this is a non-linear
equation, it can have multiple solutions. The amount of soldions possible for each particular
case reveals the amount of images of the background sourceeated in the lens plane.
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Lens mapping

The lens equation2.22 can be understood as a mapping from the source plane (angle) to
the image or lens plane (angle ). Thus, for small de ections, and to rst order the lens
equation (Equation 2.22) can be described by the Jacobian matrix A:

|
| .

@i( )

|
A:-!@_: i
@

2.23
@, (2.23)
The angleI can be expressed as the gradient of a bi-dimensional scalaofential:
I
oSy (2.24)
where:
VA

_ Dis 2

= Do Dos & ¢ r)dz (2.25)

isI the bi-dimensional de ection potential, which is a function of the Newtonian potential
(¢ r) of the lens.
Inputting Equation 2.24into Equation 2.23 we obtain:

1 @ @N 1 1 2
A = = 2.26
@ 1 @y 2 1 + 1 (2.26)
where we have de ned the convergence and the shear vector =( 1; ») as:
1
= 5(@)( + @y ) (2.27)
1
1=5(@ @) (2.28)
2=@ = @x: (2.29)
The Jacobian matrix A (Equation 2.26), can be written also as a rotation matrix:
_ 10 cog2') sin(2")
A=A ) 9 sin2' ) cos2' ) (2:30)

With this form, we can see that the convergence accounts for the isotropic deformation
of the source from the source plane to the lens plane, wheredke shear accounts for the
tidal (anisotropic) deformations. An example of this e ect is shown in Figure 2.5. if the
source is circular, when mapping it via a lensing potential, is responsible for enlarging it,
keeping its shape, and is responsible for introducing an ellipticity.

The convergence can also be de ned as:

(2.31)
crit
|
where () is the surface mass density at a given distance from the lenand it is the
lensing critical density, de ned as:

2Dos

it = ———————— 2.32
crit 4GD OLDLS ( )
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Source

Figure 2.5: lllustration of the deformation of a circular source. The convergence
accounts for the isotropic deformation and the shear accounts for the tidal deformation
of the source galaxy.

The critical density is the minimum density required to create multiple images, thus,
sources located at projected regions with convergence (ocaled surface density) values 1
map into multiple images to the lens plane.

Magni cation, critical and caustic lines

Liouville's theorem dictates that a Hamiltonian transform ation such as the one induced by
lensing (Equation 2.23), conserves surface brightness. Nevertheless, lensingaciges the ap-
parent surface area of an object, thus, magnifying the lightof a source by the ratio between
the surface areas of the lensed and original source. As the dabian matrix A contains all
the information on the shape distortions, the magni cation is given by:

1 1 _ 1 .
det(A) (1 @+ ) @ 2j @

(2.33)

Note that there is a singularity when the determinant of A is zero, which happens when
either (1 ) or (1 + ) are equal to zero. These singularities de ne the tangentia
and radial critical curves, respectively. They are non-intersecting closed curves (external and
internal, respectively) that de ne the location of maximum (i.e., \in nite”) magni cation
due to the lens potential in the lens plane. When mapped to thesource plane, these curves
are called \caustic" lines or simply \caustics". Caustics can show more complicated patterns
that intersect, but remain closed curves.

Figure 2.6 shows critical (a: lens plane) and caustic (b: source plandjnes for an elliptical
gravitational lens. A source at di erent positions with respect to the caustic lines maps to
di erent image con gurations in the lens plane. When the source is inside the area between
the two caustic lines (e.g, blue spots in Figure2.6), two images are mapped to the lens plane:
one outside both critical curves and one between them. Whenlte source is enclosed by both
caustic curves, four images of the source are mapped (e.g.ed spots in Figure 2.6): two
outside the critical curves and two between them. If the souce lies outside both caustic
curves, there is no image splitting (e.g., pink spot in Figue 2.6).

Time-delays

As images from a background source can be located at di erenimpact parameter distances
from the lens, the light from each one of them travels di erert paths. Additionally, at dif-
ferent locations of the potential, space-time becomes sttehed/compressed, thus, producing
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"Fold" Crossing "Cusp" Crossing
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Figure 2.6: Image (a) and source (b) positions with respect to critical rves (a) and
caustics (b) curves. The left panel shows a fold caustic cregg and the right panel a
cusp crossing. The colored circles in panels (b) display thdi erent source positions with

respect to the caustics. These map to the distorted colorechapes in panels (a) shown
with respect to the critical curves. Figure taken fromNarayan & Bartelmann (1996).

retardations in time ( Shapiro 1964. This leads to a di erence in the arrival time of the light
from lensed images emitted at equal times from the source.

From Equations 2.22 and 2.24 we have already seen that the lens equation can be written
as:

= ()= ro (2.34)
Equating to zero and rewriting leads to:
Y %!( ! )2 =0 (2.35)
which measures the extrema of theime-delay surfacethat is generally de ned by:
o 1+ 2 Do Dos ° U R -
Ch-rpegimel o5 T e

Geometrical

where we have identi ed the terms responsible for the geomeical (path di erence) and
gravitational (Shapiro-delay) time-delays. The dierence in arrival times between lensed
images is thus the subtraction of the arrival time values at the positions of each image in the
time-delay surface.

As the trace of the time-delay surface (Equation2.36) is proportional to the Jacobian
matrix A, the extrema of this surface (Equation 2.35 measure the location of the multiple
images. The extrema can be: minima, maxima or saddle pointslf det(A) >0 and tr(A) >0
the points are minima of the time-delay surface, if det(A)>0 and tr(A) <0 the points are
maxima and if det(A) <0 the points are saddle points. When an image is located at a sille
point, it has negative magni cation =det(A) 1. This means that it has a magni cation | j
but it is mirror inverted with respect to the source.
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2.3.2 Lens potentials

In order to illustrate the previously de ned formalism, it i s of interest to analyze some of
the most used lens potentials. Besides serving as simple erales, the process of analyzing
them, yields di erent parameters widely used in gravitational lensing as intrinsic scales.

The Schwarzschild lens

The case of a spherically symmetric lens whose Schwarzsahitadius is much smaller than
the impact parameter (i.e., 2%3" ) is called the Schwarzschild lens (or point mass lens).

Spherical symmetry simpli es much of the previous formalign, as the de ection angle
() (where is the impact parameter as shown in Figure2.4) reduces to:

4GM
N = 2 : (2.37)
Inserting this de ection angle into Equation 2.22 and using = D o we obtain:
4GM D
()= CSB (2.38)

2 DosDoL’

When the angle vanishes (observer, lens and source perfectly aligned) webtin a
critical angle = g which is called the Einstein angle (or angular Einstein radus):

r
4GM D
£ = . LS. (2.39)
¢ DosDoL

The ring this angle subtends in the lens plane has a charactéstic radius called the lens
plane Einstein radius (Rg) with the form:

r
4GM D sDoL

Re = eDoL = 2.40
E eDoL 2 Dos ( )
This characteristic length in the source plane has the form:
r
4GM D sDos
Re. = Dos = —_— 241
Es = eDos Z Doy (2.41)
Using the Einstein angle g we can re-write Equation 2.38 as:
2 () 2=0 (2.42)
which has the solution: L q
=3 2+4 2 (2.43)

This solution reveals the positions of two mirrored images bthe source as seen by the
observer in the lens plane with separations:
q___
. = 244 2: (2.44)
In the limit where e, there is no de ection as the position of the image coincides
with the position of the source. In the limit when =0, we have a single solution g. The
source is distorted into a ring around the lens in the image phne.
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As in this case we are dealing with a compact spherically symemtric mass distribution,
the determinant of the Jacobian matrix A (see Equation 2.23) is simply:
@

det(A) = — @: (2.45)

Replacing interms of and g from Equation 2.42 we obtain:
4
det(A)=1 £ = 1 (2.46)

which is the inverse magni cation of the images. This leads b magni cations:

= : =1 2w (2.47)
(2+ &) 2% 2) 2 2u u?+4 '
for the two images, where we have introduced the scaled angle= = g. The total magni -

cation is given by:

2+ u?
= = P (2.48)
u uz+4
The magni cation of the second image is subtracted from the nagni cation of the rst
image. Indeed, formally, it has negative magni cation due to the fact that it is mirror inverted
(negative parity) when compared to the rst (positive parit y). Being a spherically symmetric
potential, the folding of the critical curves to the source plane does not produce diamond

caustics (as the ones shown in Figur.6).

The Singular Isothermal Sphere (SIS)

The Singular Isothermal Sphere, as the name suggests, is ala spherical potential. However,
contrary to the Schwarzschild lens, it does not necessarilymply a compact pro le. The SIS
has a three dimensional mass density distribution:

2 1
N= -—%--=

(") 2G r?
where  is the one dimensional velocity dispersion matter in the prole. This density implies
a total radial mass of:

(2.49)

Z R

@ 2 Zr
Mt (R) = 4r = ( r(]):
0

G

In lensing, however, we assume that the distances between sérver, lens and source are
much larger than the extent of the SIS (thin lens approximation). Thus, the mass producing
the de ection is the projected mass pro le. It is therefore of interest to project the three
dimensional density distribution and de ne the surface mas density:

(2.50)

2
(1= 5 (2.51)

Scaling by the critical density (Equations 2.31 and 2.32 we obtain a convergence (or
scaled surface mass density):

_ 2 2Dis _ Esis _
(r)= @r Dos 2 () (2.52)
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where we have identi ed the angular Einstein radius g.sjs as:

_4 IDis.
E;SIS @G Dos

(2.53)

By integrating the surface mass density we obtain the (projeted) enclosed line-of-sight
mass:

Z r 2r
M(r)y=  2r%r9= . (2.54)
0 G
Using this enclosed mass, the de ection angle (as in Equatio 2.37) becomes:
4GM (r) 2
My ———~=4 = 2.55
(= =2 > (2.55)

Solving Equation 2.24 with this de ection angle, we obtain the two dimensional lens
potential:

4 2 Dis
= — = E : 2.56
()= g5 Do = ES'S (2.56)
Using Equations 2.26 and 2.33 the magni cation is
1 1
()= 1 %Bﬁ =T s (2.57)

The Singular Isothermal Ellipsoid (SIE)

Realistic lenses, however, are in general not perfectly sghical, but have a an ellipticity. In
this case we can break the spherical symmetry of the SIS to obin a SIE potential:

(&= ese& (2.58)
with convergence:
. 1
k()= =3E 2 2.59
()= =52 (2.59)
where the angular Einstein radius is:
p__
1 ?
EiSIE = ESIS P (2.60)

arcsin( 1 @)’

q is the projected axis ratio and &= x2+y?=¢f is the elliptical radial coordinate. When
g' 1 the SIE pro le corresponds to a SIS pro le.

There is no general analytic solution of the lens equation vth elliptical pro les such as
the SIE. When solved numerically, a SIE lens, produces diamud shaped caustics due to the
tidal perturbation induced by its ellipticity. As shown in F igure 2.6, this con guration can
map a single source to four images in the lens plane.
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Figure 2.7: Strong and weak lensing regimes. The source wavefront is tiisted by a mas-
sive intervening object. The caustic envelope indicates ehregion where image splitting
can be seen (strong lensing).

2.3.3 Gravitational lensing regimes

Within the scope of gravitational lensing we can distinguish two di erent regimes: strong
and weak. To interpret the di erence between these two, it isuseful to imagine di erent line-
of-sight paths in a wavefront distorted by an interveining massive body, as shown in Figure
2.7. In the following, we present a description of each regime.

Strong lensing

Strong lensing is the case when the observer, the lens and tls®urce are close to alignment so
that there is splitting of images from the source (i.e., the sirfface mass density is larger than
the it de ned in Equation 2.32). In this case, the observer's line-of-sight is located insle
the caustic envelope, where the wavefront is highly distoréd (see Figure2.7), producing
multiplicity of images and mirror inversion of images located at saddle points. In general,
strong lensing refers to lensing systems in which the lens & galaxy or galaxy cluster, and the
source is a background galaxy or quasar. Due to the (small) mjected velocities of galaxies
and galaxy clusters with respect to background sources, sting lensing is a static phenomenon
in human time scales.

Strong lensing observables are the positions and brightnegs of the lensed images. Being
a static phenomenon, the intrinsic brightness of the sources unobservable. Thus, individual
brightnesses of lensed images do not give any information alut the lensing system. However,
the ratio between the brightnesses of multiple images doess it corresponds the ratio between
the magni cations produced by the lensing potential.

Even though galaxy-galaxy lensing is more common than quasdensing, lensed quasars
have been the most common detection for decades. This is mdindue to the high lumi-
nosities shown by these objects and historical reasons (dexhted surveys). Strong lensing of
quasars is a powerful tool to measure the mass and mass densjiro les of lensing galaxies.
It is completely independent of the dynamical state or luminous property of matter in galax-
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ies. As lensing magni cation depends on the second derivates of the lens potential, it is
sensitive to anisotropies of the potential. Hence, throughux ratio anomalies (inconsistencies
among measured and modeled ux ratios between quasar imageexplored in Chapters3 and
4), strong lensing also potentially allows to probe for dark matter substructure in lensing
galaxies (e.g., Dalal & Kochanek 2002. Using the fact that lensing (or at least strong lens-
ing by galaxies and galaxy clusters) is an achromatic phenoenon, multi-band photometric
or spectroscopic data of quasar images allow to measure gat&c dust extinction in lensing
galaxies (e.g.,Elasdbttir et al. 2006 ). Using photometric light curves of lensed quasar images
of an intrinsically varying source, the time-delay betweenthem can be measured. Comparing
these measured time-delays with the expectations from moded lensing potentials, results in
a value of the Hubble constantHy (Refsdal 19643, independent from other methods. Addi-
tionally, through angular diameter distance ratios of multiple sources in a lensing system, the
values of the geometric cosmological parametersy, and can be constrained Golse et al.
2002. An extensive and detailed description of the applicatiors of strong quasar lensing can
be found, for example, inClaeskens & Surdej(2002.

The analysis of strong quasar lensing systems will be expled in the following chapters
of this dissertation. In Chapter 3 the dierent checks performed in order to conrm the
nature of a lensed quasar are shown, as well as detailed mas®deling and discussion on ux
anomalies of lensed images. Further on, in Chapted, the study of ux anomalies in lensed
quasars will be more intensively studied.

Weak lensing

Weak lensing refers to the case when the line-of-sight pathrém the source to the observer,
is perturbed by a massive body, but is outside the caustic erelope, as shown in Figure2.7
(surface mass density lower than ;). In this case, no multiple images are created, but the
images of background sources are distorted and magni ed (byhe convergence and shear

produced by the lens at the position of the images as shown inigure 2.5). There is a
rather smooth transition between weak and strong lensing, were these sheared images begin
to form arcs around the lens. Nonetheless, in the general w&densing case, the background
sources are sheared only by a few percent.

If the original shape of a weakly lensed galaxy was known, theeformation induced by
weak lensing could su ce to deduce the properties of the lens However, the main problem
weak lensing faces, is the fact that an exact knowledge of th@trinsic shape of distorted
background galaxies does not exist. To get around this issyeastronomers look towards
regions in space more likely to produce weak lensing distoitns (i.e., around massive clusters
which produce distortions of 10%) and assume that the distribution of the background
galaxies is random. This fact compensates for the lack of knvaledge of their exact shapes
and can constrain the mass distribution of large scale struiire in the line-of-sight to the
sources.

Weak lensing is one of the most promising tools to understandand measure the dark
nature of the universe and constrain the value of cosmologal parameters (for a review of
weak lensing and its applications se@artelmann & Schneider 200).

2.3.4 Microlensing

Even though microlensing is sometimes referred as a third ksing regime, it is, in principle,
just a form or strong lensing. The term microlensing is used Wen the separations between
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multiple lensed images of a background source are very smafmicro to milli-acseconds),
thus, unresolvable with any instrument or technique up to date. Fortunately, as the rela-
tive velocities between observer, microlens and source ailg@gh, microlensing is a dynamical
phenomenon in human timescales (minutes to years). Withoutthe possibility of resolving
multiple images, the observational evidence for microlerigg is the brightening and dimming
of a background source induced by the total magni cation and the relative movement of
source and lens. Lenses within this scope are compact objacsuch as stars and planets.

Due to the dynamic property of microlensing, it is, in most cases, studied as an ensemble
of individual events. It is useful, therefore, to de ne the microlensing optical depth. Mi-
crolensing optical depth is the ratio between the average nairolensing surface mass density
and the microlensing critical density (i.e., an averaged vesion of the convergence or scaled
surface mass density de ned in Equation 2.31). It can be written in its continuous form as
(Paczynski 1986:

z
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where (DQ,) is the average lensing mass density at a distanc®Q, from the observer.
Microlensing optical depth can be interpreted as the probaliity of a given source to be
undergoing a microlensing induced brightness modi cationat a given time.

Within the framework of microlensing we can distinguish three major varieties depending
on the line-of-sight distances between the observer, the tes and the source, with very di erent
microlensing optical depths as described hereafter.

(D3, )dD3, (2.61)

Galactic microlensing

In this variety, both source and lens are inside the Milky Way. Due to the dynamics of
our galaxy, it can happen that a foreground star becomes aliged with the observer and a
background star, producing a magni cation of the latter. As stated before, the magni cation
time scales depend on the projected velocities of the obsesz, the lens and the source. For an
observer looking towards the galactic bulge of the Milky Way the time scale of microlensing
events is of the order of hours to weeks. The size of the Einsterings produced by stars in
the Milky Way (scale for image splitting shown in Section 2.3.2) is of the order of a fraction
of a milli-arcsecond.

For galactic microlensing, the optical depth towards the buge of the Milky Way is 10 6,
meaning that a random star in direction to the bulge of the Milky Way has a 10 © proba-
bility of being a ected by microlensing magni cation at a gi ven time. However, the millions
of stars that can be seen towards the galactic bulge, allow 500 galactic microlensing events
to be detected per year by monitoring campaigns such as OGLEUdalski 2003 or MOA
(Bond et al. 2001).

Modeling the light curves' variation due to microlensing of stars towards the bulge,
presents several uses. By studying the projected velociteeand time scales of the microlensing
events, the dynamics of the bulge and Milky Way can be probed $umi et al. 2006. Also, the
shape of the light curves allows to obtain constraints on thestellar atmospheres of source stars
(e.g., Heyrovsky 2003; Zub et al 2009, in preparation). Perhaps the most impressig of all the
applications of galactic microlensing is the search for extasolar planets (e.g.,Gould & Loeb
1992 Wambsganss 1997Beaulieu et al. 200§. If the star acting as a lens has a companion
(such as a planet), the lens potential diverges from that of aSchwarzschild lens (see Section
2.3.2) and produces more complicated caustic patterns. The relave movement between the
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source and this caustic pattern can produce a characteristi light curve, which can be used
to obtain constraints on the mass and separation of the binay system. The probability of
such an event happening is fairly low, nevertheless, until ow there have been several planets
discovered this way (seeGould 2008. The main advantage of microlensing as a planet nding
method when compared to others such as radial velocity measements, direct imaging or
transits, is its sensitivity to Earth-mass planets in the habitable zone (Wambsganss 1997
Park et al. 2006).

Local Group microlensing

Moving up in the microlensing distance ladder we can de ne anintermediate microlensing
variety that is when the lensed sources are objects within tie Local Group.

In this classi cation we nd the microlensing of stars in nearby galaxies by Massive
Compact Halo Objects (MACHOSs) in the Milky Way. Several collaborations such as MA-
CHO (Alcock et al. 2000, EROS (Tisserand et al. 2007 or OGLE ( Zebrun et al. 200) were
dedicated to monitoring stars in galaxies in the Local Groupto observe MACHO induced
brightness variations. This has been done in order to study he number and distribution of
MACHOSs in the Milky Way. The studies have yielded an unexpectedly low occurrence of
such events QAlcock et al. 200Q shows a resulting optical depth of 10 7 from the 5.7 years
of the MACHO project), proving the hypothesis that the dark h alo surrounding the Milky
Way is entirely due to dark matter MACHOSs, wrong. Even more, it is still unclear if the
observed microlensing events unveiled by these collaborains are due to MACHOs at all.

These monitoring programs have had as a by-product the obseation of \self-lensing"
in galaxies of the Local Group. Self-lensing refers to the @ when both lens and source
objects come from the same galaxy. These kind of events haverqven to be more common
than MACHO lensing events. They allow to probe for the dynamics of galaxies in the
Local Group (see for exampleKerins et al. 2006, and maybe someday, extragalactic planets
(Baltz & Gondolo 2001).

Cosmological microlensing

Cosmological microlensing, refers to the case in which botBource and lens objects are located
at cosmological distances. The main observation of this pheomenon is quasar microlensing.

Quasar microlensing, is an additional magni cation (or desmagni cation) that occurs on
images of strongly lensed quasars. The light from multiple inages of lensed quasars can
encounter the gravitational potential of individual stars in the lensing galaxy (see Figure2.8)
and be re-magni ed. This is possible due to the geometrical dpendence of gravitational
lensing induced magni cations and the fact that quasar accetion disks sizes are comparable
to the Einstein rings of stars in the lens galaxies: Assuming lens redshift ofz=0:5, a source
redshift of zs=1:0, a mean mass for a microlensing star of:@M and using Equation 2.41,
we obtain a typical value for the Einstein Radius:

S
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0:004 pc (2.62)

which, as shown in Section2.1.3 matches the scale of the size of the accretion disk of a
guasar. As the Einstein radius is an intrinsic lensing scalemagni cation or de-magni cation
of the multiple images of a background quasar can be seen.
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Microlensing ~~=--.
Star -

Figure 2.8: Representation of quasar microlensing. The light from thednsed image A
of the background quasar, gets re-magni ed by a star in the ising galaxy. Thus, image
A appears brighter to the observer than what expected from éhmagni cation induced
solely by the galaxy lensing potential (top-left insert). @dit: X-ray: NASA/CXC/Penn
State/G.Chartas et al; lllustration: NASA/CXC/M.Weiss.

Quasar microlensing has a much higher optical depth (1) than galactic microlensing,
as the projected density of stars in the lensing galaxies onop of quasar images is larger.
Thus, it has a much more complicated microlensing potentialproduced by numerous compact
objects. The projected distances and velocities of the obseer, microlenses, \macro" lens
(galaxy) and source, set the time scale for quasar microlemsg events between several weeks
to a decade, making of quasar microlensing an observable phemenon in human time scales.
In fact, many lensed quasars have shown evidence for micraelsing and have been monitored
for years, showing microlensing induced brightness uctugions (e.g., Corrigan et al. 1991;
Borgeest & Schramm 1993 Waniak et al. 2000; Udalski et al. 2006 Chartas et al. 20086.
The study of these variations can be used to probe the dynamal properties of the lensing
galaxies and the structural parameters of the background gasar (e.g., Wambsganss et al.
2000 Kochanek 2004 Gil-Merino et al. 2005; Anguita et al. 2008b; Eigenbrod et al. 2008.

Due to their complicated nature, the microlensing e ect on quasars has to be simulated
numerically (e.g., Wambsganss et al. 1990 The simulations are done by statistically study-
ing the de ection induced by a distribution of microlenses. The output of such simulations
are source plane two-dimensional magni cation distributions which show complicated caustic
patterns (see Figure2.9). The path of a lensed quasar image in such a pattern, revealthe
brightness uctuations induced by microlensing.

Quasar microlensing is an important subject of this thesis,and hereafter is what we refer
to as microlensing, unless speci ed. In Chapte we will study the evidence for microlensing
in four lensed quasar systems and in Chapteb we study microlensing induced brightness
variations in the actively microlensed multiple quasar Q 2237+0305 (Huchra et al. 1985.
Here, we will detail the use and manipulation of these magnication patterns, and how their
coupling with astronomical observations allows to probe dierent properties of the system,
including the internal structure of the background AGN.
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A Magnification

Time

Figure 2.9: 15Rg 7.5 Rg cut of a source plane microlensing pattern. The pattern is tie
result of a simulation that follows light rays de ected by a dstribution of microlenses.
Dark areas show high magni cation regions, and bright areasshow low magni cation
regions. The bottom panel shows a one dimensional cut of theatpern in which the
brightness variation experienced by a source moving throtigthe blue path is displayed.
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2.3.5 Strong lens modeling

As explained previously in this chapter, strong gravitational lensing can be envisaged as a
mapping of a bright background source to one or multiple imags in the plane of the de ector.
The process through which this is done is well understood (gein Section2.3.1) and can be
analytically described. This analytical description allows to study the inverse problem: using
the observational signatures of gravitational lensing, wecan obtain the otherwise unknown
parameters that de ne this mapping. With \lens modeling" we refer to the modeling of the
mass potential of the lens, required to produce such a con gration of observational signatures
(image positions and brightnesses for given line-of-sightlistances of lens and source).

There are two ways by which the modeling of a mass potential ca be confronted: by
performing a \parametric" or a \non-parametric" mass model.

Parametric lens modeling

As the name suggests, parametric mass modeling requires anaanetric description of the po-
tential. A speci c, physically motivated, mass pro le such as a de Vaucouleursde Vaucouleurs
1948, Singular Isothermal Sphere (SIS), Pseudo Isothermal Eiptical Mass Distribution
(PIEMD: Kassiola & Kovner 1993 or Navarro, Frenk and White (NFW: Navarro et al. 1997)
pro le, to name a few, has to be chosen for the lens. The basichplosophy is to modify the
parameters de ning this pro les (and subsequently the lensng potential) and compare the
resulting image (and ux) con gurations to the observed data set. Iterating this procedure,
the parameters that best de ne the mass pro le are found.

Parametric minimization requires an educated guess on whathe system is composed
of and is therefore usually constrained by secondary obseational signatures, that go from
the ellipticity and position angle of the lensing galaxy to its e ective light radius or stellar
velocity dispersion. The tting process generally consiss of minimizing the square of the
weighted distances (?) between the observed and modeled image positions. In priile, in
order to do this, a grid is created at the source plane and at tle lens plane. By solving the
lens equation (Equation 2.22) with a particular potential, a direct mapping between source
and lens plane is obtained: for every cell in the lens plane @gf a corresponding cell exists
in the source plane grid. Naturally, a position on the sourceplane that implies the creation
of multiple images ( ( )> it ; see Equation2.32), corresponds to multiple positions on the
lens plane.

The minimization of the 2 can be done either in the source plane or in the lens plane.
In the rst case, each lens plane image maps itself to a sourcposition on the source plane.
Based on the fact that all multiple images in the lens plane cane from a single source, the
distance between the (at rst instance) multiple (N) sources mapped to the source plane
from the multiple (N) images in the lens plane are minimized. In the lens plane minimiza-
tion, the process is inverted: one source plane position mapto, possibly, multiple image
positions and the minimization is done on the 2 due the weighted di erence between the
modeled and observed image positions (on the lens plane). Inoth cases, this minimization
can be complemented with constraints from the ux ratios between the images, as well as
the time-delays. Image plane minimization provides a more pecise result opposed to the ap-
proximate one from source plane minimization, but it is comparatively much more exhaustive
computationally (for more information on parametric lens modeling see Kneib 1993, Keeton
2001ba).

In the following chapter, we will show a parametric lens modéobtained using the lenstool
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modeling code Kneib 1993 Jullo et al. 2007). lenstool does source plane 2 minimization,
using a Bayesian algorithm (prior based minimization), and a Markov Chain Monte-Carlo
(MCMC) process that samples the probability distribution by random variation of the pa-
rameters. The scanning of the parameter space avoids hittig local 2 minima and allows a
very robust result with minor speed trade-o . The details of the algorithm and the underlying
statistics are described inJullo et al. (2007).

Non-parametric lens modeling

Contrary to the parametric approach, non-parametric lens modeling is not xed to a specic
chosen pro le, but allows slight variations over a given mas pro le, or even a completely
independent one. The most successful non-parametric appaches to mass modeling are: the
multipole expansion method (e.g.,Kochanek 1991 Trotter et al. 2000) and the pixelization
method (e.g., Abdelsalam et al. 1998 Saha & Williams 1997 Saha 2000 Diego et al. 2005.

The multipole expansion method, as the name suggests, is a Yior expansion of the lens
potential. In other words, perturbations are added to the mass density pro le in order to
reproduce the observed constraints. This kind of perturbaive process is then a transition
between parametric and non-parametric modeling, as the tens in the Taylor expansion are
indeed parametrized. However, it allows to retrieve more cmplicated potentials.

The pixelization method, on the other hand, makes no strong asumption on the mass
density pro le. In this case, the mass producing the de ection is de ned on a grid of pixels.
pixelens (Saha & Williams 1997, Saha 2000 Saha & Williams 2004) is the most widely used
code in this sub-class. Its minimization method is based ontte time-delay surface (see Section
2.3.1). By using pixelated maps, the time-delay surface (see Equn 2.36) can be written
as (Saha & Williams 1997):
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where , is the surface mass density of then-th pixel and Q,, is proportional to the integral

form of the potential (see Equation 2.25 on the same pixel.

Based on the fact that the locations of the images are on the @rxema of this time-delay
surface, the mass density in each pixel of the grid is optimigd. pixelens requires that
the parity and arrival time order of the images, and the time-delays between them (or the
Hubble time: age of the universe; see Sectio.2) are known. Even though the approach is
non-parametric (above the pixel scale),pixelens uses some priors on the mass pro les:

All the surface mass density per pixel , 0.

If the galaxy does not appear very asymmetric, the mass pro & is required to have
inversion symmetry about the lens center.

The density gradient anywhere must point within 45 of the lens center.
The , of any pixel must be 2 [average of neighbors], except for the central pixel,
which is allowed to be arbitrarily dense.

Parametric versus non-parametric lens modeling

The most important di erence between parametric (i.e., lenstool ) and non-parametric
(i.e., pixelens ) modeling is related to the number of constraints. In parameric modeling,
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the number of tted parameters needs to be lower than the numker of constraints. Non-
parametric modeling, on the other hand, is very under constained. It has as many free
\parameters" as pixels in the map, compared to the few obsergd image positions. This does
not allow pixelens to retrieve individual accuracy measurements, but needs toobtain its
uncertainties by studying the scatter of results from an enemble of models.
In both parametric and non-parametric lens models, the use ba constant external shear

to account for external perturbations of the potential by th e environment is allowed. In the
next chapter, besideslenstool parametric modeling, we will show the use of thepixelens
non-parametric approach to model the mass distribution of alensing system. A working
example of the advantages and disadvantages of each of themilisthen be presented.



Characterization of COSMOS 5921+0638:
A Multiple Image Strong Lens Candidate

In this chapter, we explore the strong lensing phenomenon byghowing a wide observational
and theoretical analysis of the lensed quasar candidate COMOS 5921+0638. We use di erent
imaging and spectroscopic datasets to identify the obsert#onal characteristics of the lensing
system as: the photometry, astrometry and redshift of the canponents. These parameters
are later compared with theoretical concepts, revealing tle mass of the lensing galaxy, the
intrinsic luminosity of the source and ux anomalies in the lensed images. A condensed
version of the work presented in this chapter will be submitied to A&A.

3.1 Strong lensing in the COSMOS eld

The COSMOS survey (Scoville et al. 2007 is a study of a 14 1:4 \dust free" region in
the equatorial plane (see Figure3.1). It was selected like this to be probed deeply both with
Northern and Southern hemisphere based telescopes. It hasbn extensively observed from
both ground and space in most of the observable electromagtie spectrum; from radio to
X-ray, including: sub millimeter, infra-red: near, mid and far, optical: broad band, narrow
band and spectroscopic, and UV: near and far. The survey is dagned to probe the formation
and evolution of galaxies as a function of redshift and the lege scale structure environment.
Using the optical imaging data from the COSMOS survey,Faure et al. (2008 searched for
strong gravitational lensing systems in the eld. In order to maximize the lensing probability,
they preselected massive NIy -20 [mag]), early type (according to the SED tted for the
photometric redshift) galaxies with photometric redshifts between z=0.2 and z=1.0. Within
this sub-catalog (of 10,000 galaxies) they visually scanned the highest spatialesolution
images available (HST/ACS F814W) of these galaxies, lookig for arcs or multiple images.
After a series of color checks and light pro le ttings, a catalog of 67 strongly lensed candidate
systems was created. Among these, 20 show multiple images afsingle source or strongly
elongated arcs, hence, very likely to be genuine lenses. Wita similar scanning process,

http://cosmos.astro.caltech.edu
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3.1. STRONG LENSING IN THE COSMOS FIELD

Figure 3.1: Full view of 2 squared degrees of the COSMOS eld (HST ACS mosaic).
The relative sizes of the GOODS eld Dickinson et al. 2003, the Hubble Ultra Deep

Field (HUDF; Beckwith et al. 2009, the GEMS eld ( Beckwith et al. 2009 and the

Moon are shown for comparison. Credit: NASA, ESA and Z. Levay(STScl).
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Jackson (2008 mined the whole COSMOS catalog (ACS F814W magnitude 25: 280,000
galaxies) for strong lensing signatures. Three additionalvery likely strong lensing systems
were presented among 115 candidates.

A large sample of lenses, provides an ideal laboratory for atistical lensing studies, in-
cluding galaxy evolution and their dark matter content. In order to carry out these studies,
the systems need to be conrmed as genuine strong lenses. Attidnally, due to the selec-
tion method of the COSMOS lens candidates, the sample poteilly contains systems with
exceptional individual properties. For these reasons, thee candidates and their environment
are currently being followed up in order to accurately measue their characteristics.

The remainder of this chapter shows a detailed study of one ofhese lens candidate sys-
tems: COSMOS 5921+0638 (RA=09'59"" 21.7, DEC=+02 06%8%. The system is com-
posed of four point-like objects that lie on top of a perfect iing around an early type galaxy
(see Figure3.2), with a photometric redshift of z°"*'=0.45 392 (Faure et al. 2009. The shape
of the system suggests that it is a lensed AGN, with the ring béng formed by the AGN's host
galaxy, similar to RXSJ 1131-1231 Sluse et al. 2003 or PG 1115+080 (Impey et al. 1998.

3.2 Imaging and spectroscopic dataset

3.2.1 Imaging dataset from ground and space

Due to the large wavelength coverage of the COSMOS eld, we ha& access to extensive
imaging of the system and its neighborhood. Among these, CO80S 5921+0638 was covered
from the ground based telescopes Subaru and CFHT in Hawaii usg the B, V, r+, i+, z+
and u’ bands (data described in detail by Capak et al. 2007. From the Hubble Treasury
programs (Scoville et al. 2007 we have HST/ACS observations in the F814W band (the data
reduction process is detailed inKoekemoer et al. 2007. Additionally, we have used recent
(January 2008) WFPC2 F606W exposures of the system (HST propsal id: 11289, PI: Kneib)
that are part of the Strong Lensing Legacy Survey (SL2S,Cabanac et al. 2007 where the
system was also serendipitously found. In Figure3.2 we display the HST images of the
system with the chosen naming scheme for the point-like imags (A to D, clockwise from the
east-most image), which will be used hereafter, and in Figug 3.3 we show the CFHT and
Subaru images. Even though the COSMOS eld has also been obised in the radio and X-
ray regime, no signal has been measured for the system, as @fidy mentioned inFaure et al.
(2008. We have summarized the properties of the imaging dataset sed in this study in
Table 3.1

3.2.2 Spectroscopic dataset

Galaxies in the COSMOS eld have been spectroscopically olesved as part of the zCOSMOS
survey (Lilly et al. 2007). zCOSMOS is a large redshift survey within the COSMOS eld using
the VIMOS spectrograph installed at the VLT. It is divided in to two surveys: zCOSMOS-
bright and zCOSMOS-deep. zCOSMOS-bright aims to measure th spectroscopic redshift of
20,000 I-band selected galaxies at redshifts 1.2 in 1.7 square degrees within the COSMOS
eld. zCOSMOS-deep, on the other hand, is targeted at spectoscopically measuring the
redshift of 10,000 galaxies at redshifts 1.5 z< 3.0 in the central square degree of the COSMOS
eld. The second data release of the survey (zCOSMOS-brighDR2, released in October 2008;
Lilly & Zcosmos Team 2008, contains 10,643 spectra with associated redshifts. Theaaxy
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Figure 3.2: HST 3 arcseconds side length cut-out images of COSMOS 5921688. The
left panel shows the WFPC2 F606W exposure and the right panshows the ACS F814W
exposure with the naming scheme selected for the point-likebjects.
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Figure 3.3: CFHT/Megacam and SUBARU/Suprime images of COSMOS 5921+063.
The 3°%ide length images are displayed from shorter (i) to longer (z+) wavelength from
left to right, top to bottom.
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Table 3.1: Summary of the di erent imaging data used for this analysis. The magnitude
limits for the COSMOS observations are those shown irCapak et al. (2007) for the

ground based observations and iKoekemoer et al.(2007) for the HST observations. (a)

The u’ frame was created by combining observations taken betwedmetyears 2004 and
2005, thus, the total exposure time in this band for the COSM6 eld varies. (b) 27.1 is

the magnitude limit for a point-like object in the ACS exposwe and it drops to 26.1 for

a 1%%wide extended object.

Camera | Band | Date | Exp. [s] | Limit [mag]
B 2004-02-19 | 4320 27.3
V 2004-02-18 | 3240 26.6
Suprime r+ 2004-01-19 2160 26.8
i+ 2004-01-22 | 2880 26.2
z+ 2004-01-21 | 4320 25.2
Megacam| u? | 2004-200%Y | 40000 26.4
ACS F814w | 2004-04-08 | 2028 27.10)
WFPC2 | F606W | 2008-01-07 | 1200 26.5

redshifts in the eld around COSMOS 5921+0638 from this data release are displayed in
Figure 3.6.

Besides the zZCOSMOS spectra and redshifts, the elds of 8 ohie 67 strong lens candidates
presented by Faure et al. (2008, including COSMOS 5921+0638, have been observed with
the FORSL1 instrument at the VLT in Multi Object Spectroscopy mode as part of a follow up
program (PI: Faure, Proposal ID: 077.A-0473(A)). The FORS dbservations around the eld
of COSMOS 5921+0638 were obtained in April 2006 and presentkin this chapter. They
comprised a ? 7° eld centered on the system with the GRISM 150l (wavelength cverage:
[3300 - 65004, resolution: 5.54A/pixel) with a total exposure time of 1800s. The standard
CCD reduction and the spectra extraction was done using the fpeline recipes from ESG
while the ux calibration was done using the long slit spectrum of the LTT7379 standard
star and iraf routines®. In Figure 3.4 we display the position of the central slit, placed on
top of the system: the goal of it was to measure the redshift othe central galaxy, as well as
to obtain spectroscopic signal from the close north-east piat-like objects.

3.3 The nature of the system

The lens nature of an object is con rmed with the ful liment o f di erent steps, such as the
number, relative brightness and con guration of the candidate lensed images. The rst step
is the con rmation of the line-of-sight alignment of the for eground \lens" and the background
\source" with the observer through redshift measurements. However, in some cases, these
can be dicult to conrm. For instance, the lens or the multip le images of a source can
be too faint, making it hard to acquire proper spectroscopy b measure their redshifts and
corroborate that in fact the candidate lens and source are feeground and background objects,

Zhttp://lwww.eso.org/sci/data-processing/software/pip  elines/fors/fors-pipe-recipes.html

Siraf is distributed by the National Optical Astronomy Observato ry, which is operated by the Association
of Universities for Research in Astronomy (AURA) under coop erative agreement with the National Science
Foundation.
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Figure 3.4: Placement of the slit containing the three (brightest) imags and the lensing
galaxy towards COSMOS 5921+0638 shown over the high resdbn 3°Side length ACS
image cut-out. The FWHM of the VLT FORS observations is shownon the top left
corner of the image. The coarser FWHM plus the dispersion diction (perpendicular to
the orientation of the slit) makes the spectrum highly conteinated by the brighter galaxy.

respectively. This is precisely the case in COSMOS 5921+0&3 the point-like images are
very faint (see Section3.4). Nevertheless, we can gather an ensemble of clues that aloto
conclude on the gravitational lens nature of the system.

3.3.1 Multi-band images

The distribution of the point-like images around the central galaxy shows a typical strong lens
con guration: a pair of close images (A and B) and two images pread north (C) and south-
west (D), similar to the con guration of lensed quasar PG1115+080 (Schechter et al. 1997,
MG0414+0534 (Hewitt et al. 1992) or WFI J2033-4723 (Morgan et al. 2004. Moreover, the
point-like shape of the images suggests that the backgrounslource is an AGN. This hypothesis
is also supported by the fact that we can see in the HST imageshiat a smooth structure
forms a perfect Einstein ring under the point-like images that can be interpreted as emission
from the host galaxy of the AGN. If so, we would expect the point-like images to have typical
AGN emission lines such as Ly ( =1215A) or CIV ( =1539A).

As shown in Figure 3.3 the point-like structures have a very similar wavelength deen-
dence. In the CFHT/Megacam u’ band images (limiting magnitude=26.4 mag, central
wavelength=3797A), where there should be very low contamination by the galay (based
on the photometric redshift z 0.5, the 400\ break should be at 6000), we cannot see
emission from the point-like images either. The multiple images start to become visible in the
Subaru/Suprime cam B band frames (limiting magnitude=27.4, central wavelength=4459),
where their brightness is comparable to the galaxy. Moving b longer wavelengths, they get
rapidly contaminated by the galaxy. This behavior suggeststhat the point-like images are
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Figure 3.5: The linear ux calibrated VLT/FORS1 spectrum (smoothed) of the central
lensing galaxy towards COSMOS 5921+0638. Identi ed lines & labeled. Shaded areas
denote regions with strong sky emission or absorption.

related to each other and gives by itself an estimate for the edshift of the source, similarly
to the Lyman break technique (e.g., Giavalisco 1998 used for the detection of high redshift
star forming galaxies. Assuming our background source is aAGN, which are Ly emitters,
we can classify it as a 4 \drop-out". Thus, we can set the location of the Lyman break +

Ly line longwards of the & band central wavelength, giving a lower limit for the redshift of
the background AGN of zs& 3.

3.3.2 The FORS spectra

Using a slit covering a large portion of the system (see Figwe 3.4), we were able to obtain a
clear spectrum of the galaxy. The observed spectrum is corstient with a typical early type
galaxy SED at a redshift of z=0.551 0.001 (see Figure3.5). This value was derived using
the Call H, Call K, G, H and Mgb absorption lines.

Using the other slits of the FORS1 observations, we have beeable to derive the redshift
of 9 additional galaxies in the 7° eld centered on COSMOS 5921+0638. In Figure3.6 and
Table 3.2 we report the location and the redshift of these galaxies.

Even though the slit of the FORS1 observations on top of this gstem is placed as to
contain three of the point-like objects (see Figure3.4), at rst sight, no emission line from
the point-like objects is visible. The single spectrum that could be extracted is highly con-
taminated by the much brighter galaxy in the spectral range. However, when subtracting
an elliptical galaxy template spectrum (Kinney et al. 1996) from the observed spectrum (see
Figure 3.7), a small feature is observed at 5058.

The asymmetric shape of this feature, suggests that it is Ly emission. The fact that the
galaxy is brighter than the AGN, specially at longer wavelergths, tells us that Ly is the
only emission line that could be seen: The Ly line is in general brighter than other broad
emission lines and is located (in this case) in the fainter pa of the galaxy's spectrum, thus,
less contaminated by it. This line yields a redshift for the point-like objects of z=3.14 0.05.
This redshift is assigned by the single line () and the errordetermined by its width.
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Figure 3.6: Galaxies with measured redshifts from the FORS observatian(red circles) of

the 79 eld centered on COSMOS 5921+0638. A & 89 cut-out of the eld is shown.

The galaxy indicated by the yellow circle in the center of theeld is the main lensing

galaxy of the system. The galaxies with redshifts from the ZISMOS catalog are also
displayed in color coded redshift bins.

3.3.3 Conclusion on the point-like objects

The u? drop-out suggests that, if this is a genuine lensed AGN, as hited by the typical
physical con guration of the system (four images of a sourcea close pair, an Einstein ring
formed by the host galaxy), the redshift would be & 3. The identi cation of a Ly emission
line candidate using the FORS1 spectrum is evidence that tts is indeed the case and the
source is an AGN at a candidate redshift of 2=3.14 0.05.

3.4 Astrometry and photometry of the system

Mass models of the lens depend on the brightnesses and, everora importantly, on the
relative positions of the source images. It is hence necegyato accurately measure the
astrometry (and photometry) of the images of the backgroundsource and the lensing galaxy
in order to build a reliable mass model for the lens.
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Table 3.2: Galaxies with measured redshifts from our FORS observatianin the eld of
COSMOS 5921+0638. The measured errors for the redshifts are z=10 3.

RA

DEC

\ z

09:59:09.69
09:59:12.21
09:59:12.39
09:59:12.41
09:59:14.44
09:59:15.59
09:59:21.79
09:59:30.27
09:59:32.69
09:59:33.24

02:07:53.6
02:08:25.4
02:06:56.4
02:07:51.2
02:07:26.0
02:06:12.0
02:06:38.7
02:04:22.0
02:06:08.8
02:05:47.6

0.353
0.354
0.352
0.352
0.355
0.602
0.551
0.687
0.527
0.312
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Figure 3.7: The COSMOS 5921+0638 subtracted spectrum. The ellipticalemplate spec-
trum (red curve) and the observed spectrum of the lensing gaty + point-like images

(blue curve) are shown. The dierence between these two is splayed in the bottom
(black curve). The dierence spectrum shows an evident resiual feature around 505@

that we interpret as Ly at z=3.14. Shaded areas denote regions with strong sky emiss

or absorption.

For that purpose, we use thegalfit  software (Peng et al. 2002 on the WFPC2 (F606W)
and ACS (F814W) space based observations. The software alks to t analytical two di-
mensional light pro les to the objects seen in a frame, in ourcase, the four point-like images
of the background source and the lensing galaxy.
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3.4.1 The PSFs

galfit  requires as an input the point spread function (PSF) of the olservations in order to
convolve it with the di erent analytical pro les. We obtain ed the PSF model for the WFPC2
observations from the \WFPC2 PSF library" 4. The selected PSF was created using stars
located on the same chip (#3) and with the same Iter the observations presented here were
done.

The ACS PSF, however, shows a much larger temporal and spatiavariation than the
WFPC2 PSF. So, in order to obtain an accurate PSF model, we refrred to Rhodes et al.
(2006 2007 that show a statistical study which yields as a result a measre of the focus
value f (to a micro-metric accuracy) of the di erent COSMOS ACS exposures. Using this
information for the ACS exposure (f -4.5 m) we used theiridl procedure$ coupled with
the tinytim © software to generate PSF models, in particular choosing thse in the location
of the CCD where the system is located, in the same way as we pceeded with the WFPC2
exposures.

3.4.2 Fitting the light pro le

C

ACS

WFPC2

Figure 3.8: Top Panel, left to right: Original ACS F814W exposure of
COSMOS 5921+0638,galfit  de Vaucouleurs + 4 point sources tted model and resid-
uals. Bottom Panel: the same display scheme for the WFPC2 F&W exposure.

As the spectrum of the lensing galaxy matches that of an elliical galaxy, the lensing
galaxy was tted by a de Vaucouleurs pro le (de Vaucouleurs 1948 The parameters that
de ne this prole are: the e ective radius ( Reft ), the central position, the ellipticity, the
position angle (PA, de ned in degrees measured from north toeast) and the magnitude. The
e ective radius is de ned as the radius at which one half of the total light of the prole is

“http://www.stsci.edu:8090/instruments/wfpc2/Wfpc2  _psf/wfpc2-psf-form.html
Shttp://www.astro.caltech.edu/  rjm/acs/PSF/
® http://www.stsci.edu/software/tinytim
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emitted and the ellipticity is de ned as: e= aTb (with a: semi-major axis and b: semi-minor
axis).

The four point-like images were parametrized as point soures which have central positions
and magnitudes as free parameters. Due to the lower resolun of the WFPC2 observations,
the parameters that de ne the de Vaucouleurs pro le are xed to those obtained with the
ACS tting (with the exception of the magnitudes and central positions). In both cases,
the background was xed to the median value of empty regions slected in the eld. The
tted light pro les and residuals are displayed in Figure 3.8. The parameters obtained for the
galaxy are summarized in Table3.3 and the photometry for the background source images in
Table 3.4. Additionally, Table 3.5 shows the ux ratios, in reference to the bright image B,
derived from these magnitudes. The tted positions of the dierent objects in the system are
displayed in Table 3.6. As the most accurate t is obtained for the ACS exposure we qute
and use throughout the rest of this chapter the astrometry oldained with this observation.

The error bars provided by galfit are based on the assumption that there has been a
perfect tto the data (i.e., 2=1), which is not the general case. Hence, to obtain error bas
on the di erent parameters of the t, we do 500 Monte Carlo realizations for each of the HST
datasets and obtain the uncertainty from the scatter of the galfit  results (see Appendix
B). These errors are in close agreement with those shown by argjle galfit  t on the ACS
data, but in the WFPC2 data, where the t of the lensing galaxy is not as good, the errors
delivered by galfit , even though of the same order, are underestimated.

An attempt of light pro le tting was done on the ground based observations. However,
due to the low quality of the PSF in these observations, the reults were inconclusive.

Table 3.3: Parameters of the de Vaucouleurs t to the lensing galaxy toards
COSMOS 5921+0638.

Filter | Reir [ | e | PA | mag
F606W | 0.45 (x) | 0.148 (x) | 27.3 (%) | 2L.77 0.03
F814W | 0.45 0.01| 0.148 0.009| 27.3 2.0 | 20.310 0.009

Table 3.4: Photometry of the background AGN images in COSMOS 5921+0638mag-
nitude values. Images labeled as in Figur8.2.

Filter | A \ B \ C \ D
F606W | 25.85 0.13 | 24.82 0.07 | 24.98 0.07 | 26.88 0.30
F814W | 25.42 0.06 | 24.59 0.03 | 24.53 0.03 | 26.19 0.10

The photometry of the lensing galaxy presented in the discogry paper (Faure et al. 2009,
was done by tting a disk (exponential) + bulge (sersic), which led to a slightly di erent
ACS-F814W magnitude (20.34 0.02), albeit in agreement with the value presented here. On
the other hand, the COSMOS ground based photometry of the lering galaxy (Capak et al.
2007 was done considering the galaxy + 4 point sources + ring as aingle object, thus,
overestimating its brightness.
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Table 3.5: Flux ratios for the background AGN images in COSMOS 5921+068 calcu-
lated with the magnitude values shown in Tabl&.4.

Date | Fiter | AB | CB | DB

2004/04/08 | F814W | 0.47 0.03 | 1.06 0.04 | 0.23 0.02
2008/01/07 | F606W | 0.39 0.06 | 0.86 0.08 | 0.15 0.04

Table 3.6: Astrometry obtained with galfit for the background source images in
COSMOS 5921+0638. All quoted values are in arcseconds withespect to the lensing

galaxy.
Filter | \ A \ B \ C \ D
£814W RA 0.702 0.005 | 0.617 0.003| -0.067 0.003| -0.468 0.008
pec | -0.132 0.005| 0.382 0.002| 0.727 0.002 | -0.507 0.008

3.5 The neighborhood of COSMOS 5921+0638

Before building a mass model the system, we want to inspect t in uence of secondary
structures in the line-of-sight to the source that could petturb the lensing system. In order
to do this, we use the zZCOSMOS optical group catalog (Knobel al. 2009, submitted). The
catalog was created using the information of the second dateelease of the zZCOSMOS redshift
survey. It contains 800 galaxy groups characterized by di @ent quantities among which we
nd, the \fudge" virial mass and the \fudge" velocity disper sion. These \fudge" quantities
are obtained using the group richness and redshift as a medin to obtain the virial velocity
and mass, adopting the observed relation between these andh¢ mock catalogs created from
numerical simulations for the COSMOS eld.

In order to study the gravitational in uence of these groups on COSMOS 5921+0638,
we need to evaluate the total convergence and shear introduced by them. We select 21
groups located in a circle of 5 arcminutes radius (or 2 Mpc at redshift z=0.551) centered
in COSMOS 5921+0638 (see Figure3.9 and Table 3.7). Using the location and mass (or
velocity dispersion) of these groups, we evaluate and at the position of the lens using
three di erent assumptions for the mass pro le of the groups (i) point mass, (ii) Singular
Isothermal Sphere and (iii) truncated isothermal sphere (ge Appendix A for the formal
treatment).

The point mass model assumes a singular total mass (which weekected as the virial
mass), thus, there is no surface mass density outside the ginlarity and we can only observe
the tidal shear produced by this mass. Assuming a Singular Isothermal Spher(SIS) pro le
for the groups we can observe both the convergence and the sire(which are equal in this
pro le). Nevertheless, as the total mass of the SIS pro le diverges, the values of produced
by this pro le are certainly over estimated far from the center of each group, which is the case
in our analysis. Truncating the pro le eliminates the issue. The virial radius ’ was chosen for
this truncation.

By adding the individual and values (vector sum in the case of the shear) of the 21

— . o . P ——
"The virial radius, mass and velocity dispersion relate betw een each other through: v=" GM=R.
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Figure 3.9: The 21 groups from the zCOSMOS optical group catalog around
COSMOS 5921+0638. Displayed as colored circles are the grps, the relative sizes of
the circles scale with the \fudge" velocity dispersion. Thelensing galaxy is displayed in
the center as the yellow crossed circle. The groups are prajed to the observer's plane
as empty circles as a reference. The color coding matches thaf Figure 3.6.
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Table 3.7: Groups within a circle of about 5° radius centered on COSMOS 5921+0638,
sorted from closest to farthest (C. Knobel, private commungation). The contribution of
each group to the lensing potential at the position of the leing galaxy as described in
the text, is also displayed.

RA DEC z \Fudge" \Fudge" P. mass SIS Trunc. SIS
virial mass v eff eff = eff eff eff
9 9 9 ™M ] [km/s] 10 3 10 3 10 3 10 3
0.90 | 0.84 0.17 0.666 | 6.9 10% 278 6.70 9.81 3.79 9.21
1.77 | 0.37 1.65 0.372 | 1.6 10%? 195 0.66 2.88 0.98 2.62
235 | 0.14 224 | 0353 | 9.1 10%? 305 2.02 5.07 1.85 4.69
2.40 | -1.39 1.82 0.168 | 0.7 10%? 149 0.12 0.59 0.28 0.57
2.41 | 2.28 0.33 0.679 | 8.4 102 286 1.08 3.71 0.17 1.91
2.53 | 0.40 2.39 0.659 | 3.4 102 264 0.42 3.18 0.33 2.12
298 | -2.82 | -0.39 | 0489 | 2.1 10%2 213 0.31 2.59 0.36 1.88
3.12 | -266 | -1.33 | 0.093 | 0.4 1012 103 0.04 0.12 0.06 0.12
3.15 | -1.04 2.82 0.373 | 3.5 10%? 257 0.45 2.81 0.32 1.92
3.38 | 0.28 -3.21 | 0.372 | 4.1 10%? 225 0.45 2.00 0.22 1.35
359 | 1.20 -3.21 | 0.661 | 4.9 10?2 294 0.30 2.77 0.49 2.16
432 | -3.16 264 | 0354 | 1.2 10 713 7.68 15.30 0.70 9.46
445 | -425 | -0.04 | 0.188 | 1.1 1012 161 0.06 0.41 0.04 0.27
456 | 1.76 3.98 0.884 | 1.7 1088 352 0.34 1.79 0.06 0.80
4.70 | 0.82 4.41 0.644 | 3.0 10%? 251 0.11 1.61 0.17 1.08
481 | -421 | -1.85 | 0133 | 0.9 1012 149 0.04 0.24 0.03 0.16
4.85 | 2.57 -3.85 | 0.356 | 4.0 10%? 236 0.21 1.48 0.08 0.79
487 | -063 | -460 | 0.361 | 1.0 1012 170 0.05 0.77 0.07 0.49
505 | -3.75 | -3.04 | 0.891 | 1.7 103 366 0.27 1.72 0.05 0.74
5.06 | 4.54 -1.66 | 0.310 | 7.2 10%? 298 0.33 1.99 0.08 0.95
514 | -2.86 | -4.00 | 0.481 | 4.8 10%2 278 0.24 2.52 0.19 1.50

Table 3.8: Total contribution of the groups around COSMOS 5921+0638 asuming the
di erent pro les.

| P. Mass | SIS | Trunc
tot 0.000 | 0.063| 0.010

tot 0.006 | 0.007| 0.004
;tot 21 -39 -35

galaxy groups, we can obtain the total in uence of the envirmmment. Table 3.7 and Table 3.8
show the individual and total and produced by the groups, respectively. As expected, the
total environmental convergence produced by the groups assuming point mass potential is
zero. Assuming a SIS pro le we observe total convergence=0.063 and for the truncated
isothermal prole a much smaller =0.010. From the latter, we can see that the total
contribution is negligible. However, it is important to rem ark that due to the fact that
the total convergence is a sum of positive scalar values, immpleteness in the catalog (i.e.,
unidenti ed galaxy groups) leads to an underestimation of this value. On the other hand,
total external shear is a vector sum, thus, incompletenessithe catalog may lead to an under-
or overestimation of the value, resulting in a slighter e ect on the total sum (even though
the direction of this total shear can be compromised). Addiionally, as shear is produced
by tidal \pulls" from the mass distribution, the choice of po tential pro le, does not have a
large in uence on the nal result (as shown in Table 3.7). The total external shear observed
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is smaller than the variance expected by cosmic shear, thughe contribution exerted by
the zCOSMOS groups in the catalog cannot produce signi cantperturbations to the lens
potential in COSMOS 5921+0638 either.

3.6 Mass modeling of the lens

In order to further con rm the lens nature of the system and understand its mass distribution,
we perform a mass potential model of the lens. This is done usg two types of mass models:
non-parametric and parametric. The non-parametric modelshave the advantage of making
no assumptions on the mass density pro le of the lens. The pametric mass model, on the
other hand, needs the assumption of a speci ¢ mass density prle, but in exchange returns
information on the lensing galaxy that can be compared to obervational quantities. In all
of the models we assume that the lens plane is at;=0.551 and the redshift of the source is
2s=3.14.

3.6.1 Non-parametric mass model

The pixelens code Saha & Williams 20048 provides a non-parametric mass model of the
lens employing the positions of the images. A requirement fothe minimization is that the
arrival time order of images is known. If incorrect image orcers are put in, the model will
either not converge or the tted time-delay surface will reveal critical points in locations not
occupied by images of the background source.

Using this fact, by trial and error, we can obtain the correct order for the images (and
the type of singularity they sit on), which in this case is: C(minimum) 7! A(minimum) 7!
B(saddle)7! D(saddle). Using this order for the images we obtain a non-peametric model
for the lens. The time-delay contours for the correct image ader are shown in Figure 3.10
(top left panel).

We tested two models: one without an external shear and one wh. As the mass pro le
is free, a non-symmetrical mass distribution results from he t. However, by dividing the
mass distributions into symmetrical and non-symmetrical mmponents (as shown in Figure
3.10, lower panel) we can see that the non-symmetric residual isather small (in both cases).

For the model without an external shear, we obtain a mass prole with an ellipticity
similar to the one of the observed galaxy, however, the posibn angle of this distribution
appears to be larger than 45 (compared to the 27.3 observed position angle). The amount
of non-symmetrical mass in the mass pro le accounts for appoximately 10% of the total
mass.

The model with an external shear (shown in Figure3.10) shows again a similar ellipticity
as the observed galaxy, this time with a position angle simér to the observed one as well.
Additionally, the non-symmetrical residual of the mass didribution accounts only for 7% of
the total mass. These facts hint that, even though small, thecontribution of an external
shear is required in order to model this system, or there is a mss/light misalignment in the
lens (e.g.,Keeton et al. 1997. Note that regardless of the fact that the contribution from
the asymmetrical part of the mass pro le located south west @ the center of the lens galaxy
is low, it may be a hint for the requirement of some kind of subsucture on the lens.

In both non-parametric ts (with and without external shear ), due to the steepness de-
generacy falco et al. 1985, having as constraints only the position of the images (lyng on

8 http://www.qgd.uzh.ch/projects/pixelens/
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Figure 3.10: Non-parametric model including external shear of COSMOS 581+0638.
The top left panel shows the time-delay surface contours wdfi map the location of the
critical points (saddle, maxima and minima), thus, the locdion of the images. The top
right hand panel shows the tted mass distribution while thebottom left and right panels
show the symmetric and non-symmetric contributions to thismass distribution. Mass
contours are de ned as 2:5log(M ). The non-symmetric part accounts for approximately
7% of the total mass.
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Figure 3.11: Radially enclosed mass of the lensing galaxy in COSMOS 5920638 ob-
tained with the non-parametric model which included exteral shear. The segmented lines
display the e ective radius (Ress ) tted for the lensing galaxy and the measured Einstein
radius (Rg) of the system respectively.

a ring) and a low ellipticity, the slope of the prole is very d egenerate (see Figure3.11).
Nevertheless, the total mass inside the Einstein ring (0.7%r 4.5 kpc at the redshift of the
lensing galaxy) is well de ned and amounts toMg, 12 10"M in the cases with and
without shear. This is also expected from the expression oftte Einstein radius for a point
mass lens:

r -
R = 4GM Dis
E~ > D|Ds

(3.1)

where Rg is the size of the radius of the Einstein Ring,D|, Ds and D5 are respectively the
angular diameters distances between the observer and thens, the observer and the source
and the lens and the source. M is the total mass enclosed by thEinstein ring.

Time-delay values for both models are relatively similar bu with large error bars. They
are of the order of half a week for the longest delay (C to D) andof the order of a couple of
hours for the shortest (A to B).

Non-parametric modeling (Saha & Williams 2004) gives us an interesting qualitative look
to the mass pro le distribution and familiarization with th e system. However, being non-
parametric, it naturally has a huge freedom in de ning the mass pro le and does not allow
a quantitative comparison to the observations. The nal pixelated map re ects the highest
probability model from the ensemble of models tested (100 irour case).
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3.6.2 Parametric mass model

In order to obtain a quantitative analysis on the mass model ad compare with the infor-
mation obtained with pixelens , we move on to attempt a parametric model of the system
using lenstool ° (Kneib 1993). With lenstool we do Bayesian source plane minimization
of the parameter space Jullo et al. 2007). This allows us to cover a large parameter space,
as the Bayesian minimization avoids local minima. As an inpa for the modeling, we use
the position constraints on the AGN images, with a conservaive error of =0.01 % This
error accounts for the imperfections on the tted position of the lensing galaxy due to the
overestimation of the ux in its central cusp.

Constraining the galaxy's central position to its observational constraints ( 0.01°, the
ellipticity and position angle to the observed values and tting a Singular Isothermal EI-
lipsoid (SIE) yields a poor t to the data ( 2 100), as expected from the results of the
non-parametric modeling.

Table 3.9: SIE and SIE+ t to the lensing galaxy in COSMOS 5921+0638. All obser-
vational constrains were xed to the observed values. The tgxy's central position was
allowed to move within 0.0£%hat is the estimated uncertainty.

\ SIEE | SIE+
x[ %9 0.01 -0.0074 0.0027
vy % 0.005 -0.0026 0.0026
[km/s] 190.7 189.3 0.2
e 0.15 ( xed) 0.15 ( xed)
PA 27.3 (xed) | 27.3 (xed)
- 0.056 0.003
PA . -73.28 1.52
2 100 1.02

However, when we add to our SIE model an external shear, we obin much better results
as displayed in Table 3.9 and Figure 3.12 Figure 3.12 shows the comparison between the
input AGN image locations (asterisks) and the found image la@ations (triangles). These
found image locations come from the mapping of the average @ation of the minimized
source position. The zoom in the right panel, allows to see th position of the source with
respect to the caustics produced by the mass potential. Thedtal mass within the Einstein
radius matches the value inferred with the non-parametric nodel Mg, 1:2 10"M ).

As seen in Table 3.9, the model requires a small external shear (=0.058) in order to
reproduce the observed image locations. The small strengtbf this shear is compatible with
the fact that we do not observe a strong in uence from the envionment. It can indicate sub-
structure, a slight misalignment between the light and the mass distribution in the lensing
galaxy or contribution from individual galaxies close to the main lensing galaxy. However, at
the time being, there is no spectroscopic measurement of thiemmediate neighbors. Neverthe-
less, the three brightest and closest neighboring galaxieé< 6°9 see Figure3.13 are aligned
in an 105 east from north, in close agreement with the modeled externlashear. Their
photometric redshifts indicate that are not at the same plane as the main lensing galaxy;
using these redshifts and assuming singular isothermal pries (using the analysis described

® http://www.oamp.fr/cosmology/lenstool/
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Figure 3.12: lenstool 's SIE+ t to the lensing galaxy in COSMOS 5921+0638. Left

panel: The red curve shows the lens plane critical curve, thgreen curve shows the
source plane caustics and the blue dashed line shows the atation of the external shear.

Asterisks denote the observed (A, B, C and D) image positionsand the triangles denote
the modeled image positions. The blue circle shows the ttedource position. Right

Panel: Zoom to the center of the system where the position ohé source (blue circle)

with respect to the caustics (green diamond shaped curve) ebe seen.

in Appendix A), they could reproduce the required external shear if the thiee galaxies have
velocity dispersions 300 km s 1. Even when velocity dispersions of that order have been
measured in galaxies, the low brightness of these candidateand the low probability of nding
three aligned massive galaxies, makes it an unlikely possdiky.

By having a parametric model, there are di erent properties of the system that we can
check both in the lens and the source plane. The tted descrifion of the potential can be
used to measure the values of convergence ), shear ( ) and magni cation ( ) at di erent
positions in the lens plane. With the modeled magni cation values at the position of the
images, we can measure then the expected ux ratios for the dérent images. The ,
values and the ux ratios (with respect to image B) for the di erent images are displayed in
Table 3.10. Comparing these modeled ux ratios with the observed ones gee Table3.5), we
can see a discrepancy. The possible explanations for thisstirepancy are discussed in Section
3.7

The magni cation values displayed in Table 3.10 can be coupled to the measured pho-
tometry of the individual point-like images (Table 3.4) to obtain an estimate of the intrinsic
brightness of the background source. We obtain an approximi absolute magnitude for the
source of: Mgoew -17.4 andMgigw -18.1. Even though this values are the median of the
absolute magnitudes obtained for each image, which are subgt to uncertainties due to ux
ratio anomalies (see Sectior3.7) and on the assumption of a SIE mass pro le, they reveal
the low luminosity nature of the source AGN (LLAGN; e.g., Storchi-Bergmann et al. 1995
Bower et al. 1996 Cid Fernandes et al. 2004.
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7 arcsec

14 arcsec

Figure 3.13: Galaxies in the immediate neighborhood of COSMOS 5921+063&ith pho-
tometric redshifts displayed in green. Their alignment clsely agrees with the external
shear direction.

Table 3.10: Convergence (), shear ( ) and magni cation ( ) shown by the potential
(SIE+ ) at the location of each lens plane image in COSMOS 5921+0638 The last
column shows the ux ratio of each image with respect to imagé inferred with the
magni cation values

Image | \ \ | Fl. Ratio (/B)
A 0.687 | 0.742| 40.7 0.62
B 0.742| 0.737| 66.1 1.00
C 0.726| 0.689| 31.8 0.48
D 0.795| 0.767| 14.9 0.23

3.6.3 Mass-to-light ratio

Theoretical mass modeling has delivered an accurate estine for the total mass enclosed
within the Einstein ring. Using the observed angular Einsten ring (i.e., £=0.71% we also
measure the amount of light enclosed in it by doing aperture ppotometry. This is done on
the galfit de Vaucouleurs pro les tted, to avoid the contribution fro m the lensed images.

We obtained an ACS F814W aperture magnitude of 20.88 for theénsing galaxy. Using a
k-correction of 0.45 for an elliptical galaxy at redshift z=0.551 in the F814W Iter and an abso-
lute magnitude for the sun ofM _,,,,, =4.53 (see http://www.ucolick.org/  cnaw/sun.html),
we obtain Lrgiaw=4:26 10°°L __ .. . This, together with the enclosed mass (2 10"M ,
see Section 6.1 and 6.2), leads to a mass-to-light ratio =L g gaw =2:7M =L _,,, - The
WFPC2 F606W observations yield an aperture magnitude of 228 within the Einstein ra-
dius. Using a k-correction of 1.33 and an absolute magnitudéor the sun of M _ .., =4.74,
we obtain Lggogw=3:33 101°L leading to a mass-to-light ratio of M=L rgpew =
36M =L .o -

Fukugita et al. (1995 show typical rest frame elliptical galaxy colors of B-F814N=2.23
and B-F606W=1.29. We couple these colors with our aperture potometry (F814W and

F 606 W ?
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F606W) data and an absolute magnitude for the sun ofM g =5.33 to obtain luminosities for
the lensing galaxy ofLg, ., =1:19 10°L _ (using the F814W data) and L g, 4, =1:75
10'9L , (using the F606W data). These lead, respectively, to:M=Lg_,,, =10:1M =L
and M=Lg_ ;s =6:9M =L . which lead to a value oflogio(M=Lg) 0.92 0.12. These val-
ues are in marginal agreement with those shown b¥eeton et al. (1998 for the mass-to-light
ratio within the Einstein ring of 10 elliptical lens galaxies.

3.7 Anomalous ux ratios

From the observed ux ratios shown in Table 3.5 we can see that the ratio of brightnesses
between images A and B does not vary (within the uncertainties) between the di erent |-
ters and the di erent epochs (A/B 2004 _F814=0.46 0.03 and A/B 2008 F606=0.39 0.06).
However, the ux ratios C/B and D/B show small variations bet ween the dierent I-
ter and/or over time (C/B 2004 _F814=1.06 0.04 and C/B 2008 F606=0.86 0.08; D/B
2004 F814=0.23 0.02 and D/B 2008 F606=0.15 0.04).

Additionally, comparing the theoretical ux ratio values ( Table 3.10. A/B=0.62, C/B=0.48
and D/B=0.23) with the observed ux ratios (Table 3.5), a disagreement can be seen. Even
more generally, any symmetric model that we choose for the les potential, expects images
A and B to be the brightest images, as they are the merging imags of the lensing system
and, consequently, the highest magni cation images. Howesr, this is not the observed case,
as image C is as bright as image B and brighter than image A in te ACS observations.

Several phenomena can explain the ux di erences between th images in di erent lters
and in di erent epochs, and their comparison with theoretical expectations, such as: galactic
extinction, substructure, intrinsic variability of the ba ckground source or microlensing:

Galactic extinction: Galactic extinction is a static phenomenon (in human time scales)
in which dust in the lensing galaxy absorbs the blue light coning from the background
source images. This makes that lensed images located behidderent column densities
of dust appear with color perturbations, in particular, tho se behind a bigger dust column
density would appear redder. For this particular system, we obtain F606W-F814W
colors of: 0.33, 0.19, 0.42 and 0.69 for images A, B, C and D, spectively. Under
the galactic extinction interpretation, there would be less dust accumulated over the
projection of the lensing galaxy in the location of image B than in the others. While
this is a valid interpretation, the four images of the background source lie on a ring
around the lensing galaxy, therefore, unlikely to have verydi erent dust densities unless
a gradient in the dust distribution is present. It is importa nt to remark that the F606W-
F814W color values are calculated with observations at di gent epochs, thus prone to
be a ected by di erent temporal phenomena as the ones discused hereafter.

Mass substructure: Much like galactic extinction, mass suBtructure can produce a
static anomalies in the measured ux ratios. A galaxy with mass substructure (of the
order of 10’; 10°M ) -i.e.: non-symmetrical luminous or dark matter components
or even unseen satellite galaxies- might modify the lensingotential, particularly the
ux ratios ( Kochanek & Dalal 2004). In the case of COSMOS 5921+0638, even though
quite small, the non-parametric model of the lens shows a nosymmetric part of the
distribution which might be a hint for substructure in the le ns. If this is indeed the
case, additional observations should display no variatios with respect to the present
data set.
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Intrinsic variability: AGNs vary their brightness during p eriods of weeks, days and even
hours (Wagner et al. 1990, usually becoming bluer as they become brighter: Unfortu-
nately, as stated before, the observations, even though tadn in di erent lters, are also
taken in di erent epochs, giving a lot of freedom in the interpretation of the chromatic
e ect. As the AGN images are separated between each other byime-delays (of the
orders of hours to half a week, according to the mass modelingthe intrinsic variation
of the AGN should be in time scales smaller than these to see thanomalously bright
image C, brighter than the close pair A and B. This very short time scale variation
would then make very unlikely the fact that after 4 years we observe slightly di erent
ux ratios but the same overall tendency in brightness order.

Microlensing: Microlensing is also a temporal phenomenonni \macro"-lensed AGNSs.
In this case, stars in the lensing galaxy produce an additioal (de)magni cation on the
source images. Due to the projected location of the backgrowd source images in the
lensing galaxy, microlensing in this system is expected. Mch like intrinsic variability,
(de)magni cation by microlensing, in the general case, praluces a blue excess: the blue
emission from the background source comes from a smaller rieg, therefore, getting
more e ectively magni ed than the outer regions. As before, the fact that the obser-
vations in di erent bands are taken in di erent epochs, no strong conclusions can be
made from the chromatic point of view. The main di erence with intrinsic variabil-
ity, is that microlensing has no correlation between the mutiple AGN images. The
projected velocities of the stars in the lensing galaxy and lte background source set
the microlensing time scales to the order of months to decade compatible with the
observed variations. Under this interpretation, and constdering that the measured ux
in image C is larger than expected, the ux anomaly that we obsrve in image C is
either due to: (i) microlensing magni cation of the ux from this image, mainly during
the observations from 2004, (ii) magni cation of image B during the 2008 observations
or (iii) a combination of both. As the four lensed images are bcated in region with
similar optical depth, variations in the brightness of all images should be seen in time.

3.8 Summary and Conclusions

In this chapter we have presented a detailed study of the graiationally lensed system candi-
date COSMOS 5921+0638 discovered in the COSMOS eld Faure et al. 2008. Using part
of the COSMOS observations plus additional HST-WFPC2 and VLT-FORS1 observations,
we have obtained astrometrical, photometrical and morphobgical parameters for the objects
in the eld. With the FORS1 observations we have obtained the redshift of 10 galaxies in the
eld of COSMOS 5921+0638, including the central galaxy of the system at z=0.551 0.001.
Using di erent criteria and the available observations, we conclude that this galaxy is lensing
a background AGN and its host galaxy located at a tentative redshift z=3.14 0.05.

An environmental analysis using the zCOSMOS optical group atalog, does not reveal
a strong in uence from galaxy groups in the line-of-sight to the system. This result can,
however, be sensitive to incompleteness in the catalog.

We have investigated the mass prole of the lensing system ah its environment via
strong lens modeling, both non-parametric and parametric. Both kinds of modeling agree in
the requirement of a small external shear (=0:058) in order to produce the con guration
of the images. Not explained by perturbation due to galaxy goups from the zCOSMOS
optical group catalog, the requirement for this external stear may be due to substructure in
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the lensing galaxy or the contribution from individual eld galaxies close to the lens. The
modeling shows time-delays of the order of hours to days forhte dierent images and a
total magni cation of 150. Comparing the observed brightness of the images with tis

magni cation induced by the tted mass pro le, reveals the | ow luminosity nature of the

background AGN with intrinsic brightness M -17.5. The inferred mass-to-light ratio of the

lensing galaxy within the Einstein ring is of logio(M=Lg) 0:92 0:12.

Flux anomalies are observed in the di erent lensed images. \Wh the available dataset,
it is not possible to certify a unique reason for these variaibns. Mainly due to the fact that
the observations we have for this system that allow accuratephotometry for the point-like
images are on di erent bands and on di erent epochs. This dos not allow to distinguish
if the phenomenon is dynamic or static. With this in mind, our preferred explanations for
these incompatibilities are microlensing and/or substrudure in the lens, with microlensing
in general being the most natural explanation for ux ratio anomalies in the optical range.

By doing follow-up observations of this system, the phenomeon or phenomena responsible
for these anomalies could be found and quanti ed. Multi-bard photometry of the system at a
single epoch would allow to measure the color of the di erenimages free of possible temporal
anomalies. Additionally, by repeated multi-band observations on di erent epochs the possible
temporal ux variations could be proven and quanti ed. If ac tive microlensing is present in
this system, the additional resolution power brought by microlensing could reveal interesting
properties of the background source, such as measurements$ s internal structure (see
Chapter 5). If the anomaly is static, a measure of possible substructte in this lens can be
accomplished.

The small separations and the low brightness of the images dhe background AGN in
COSMOS 5921+0638, makes it an ideal candidate for additionaspace-based and/or new
generation optics ground based follow up observations to adtess the open issues and un-
derstand the nature of the background AGN. The lensing indu@d magni cation of the faint
high redshift background AGN in COSMOS 5921+0638, allows tostudy the properties of
an object which would have otherwise been undetected in the OSMOS eld. Even though
Low Luminosity AGNs (LLAGNS) are expected to be far more common than high luminosity
AGNs, few of these objects have been observed beyond the Iddaniverse.
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Integral Field Spectroscopy of Four Lensed
Quasar Systems: Analysis of their
Neighborhood and Evidence for
Microlensing

In the previous chapter we have coupled observational evidece with theoretical concepts in
order to assess the lens nature of a candidate strong lensingystem. In this chapter, we
take advantage of advanced spectroscopic observational eigpment to analyze and study the
observational properties of con rmed lensed quasar systes1 Besides the environment and the
main lensing galaxies of the systems, these observationsi@l us to analyze in depth the ux

anomalies between multiple images and the intrinsic emissin properties of four background
sources. A condensed version of the work presented in this apter has been published in
A&A ( Anguita et al. 2008a).

4.1 Introduction

We have already characterized a lensing system by analyzinipe observations available. Most
of the study shown previously, was done in order to understad the lens and its potential.
We have shown that it can be important to understand the internal and environmental
properties of the system. Lensing galaxies, in general, doat provide a smooth potential,
but are subject to di erent internal and external anisotrop ies. External perturbations are
due to clusters, groups and individual galaxies around theihe-of-sight towards the lensing
systems. Internal perturbations, on the other hand, may cone from dark and bright matter
substructure, dust and even individual stars in the lensinggalaxy. External perturbations
can modify the positions, as well as the brightnesses of thariages of lensed source quasars,
whereas internal perturbations mostly modify the relative uxes and colors of the multiple
images (note that substructure can be responsible for modying both).

Spectroscopy allows a more detailed analysis of the ux and ux anomalies in gravita-
tionally lensed quasars, without the need of a comparison il expectations from theoretical

53
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models. It allows to measure the location of objects in the he-of-sight (absorption features),
as well as the intrinsic emission characteristics of the bght background source.

We have used the integral eld spectroscopy mode of the Visile Multi Object Spectro-
graph (VIMOS) installed at the ESO/VLT-UT2 telescope at cer ro Paranal (Chile) to obtain
3D spectroscopy of the elds around four gravitationally lensed quasar systems: HE 0230-
2130, RX J0911+0551, H 1413+117 and B 1359+154. This programvas conducted at ESO
during period 74 (proposal IDs: 074.A-0152(A) and 074.A-0%2(B), PI: C. Faure) and was
intended to study the close environment of these systems, asell as the spectra of the back-
ground quasars.

The four targets are briey introduced in Section 4.2. The VIMOS Integral Field Unit
(IFU) and the dataset are presented in Section4.3. The reduction of the dataset obtained
with VIMOS in its high, medium and low resolution modes is de<ribed in Section4.4. The
extraction and identi cation of the spectra from the diere nt objects in the eld of each
lensing system, together with their analysis, are reportedupon in Section 4.5. Finally, ux
ratio anomalies observed in three of the quasar systems aregsented and discussed in Section
4.6.

4.2 The targets

The lensed quasar targets were selected based on the fact ththe presence of a galaxy
cluster/group was either known or suspected in the line-ofsight to them. Furthermore, in

RX J0911+0551 and H 1413+117, microlensing activity was sugected (Bade et al. 1997
Angonin et al. 1990.

4.2.1 The quadruple quasar HE 0230-2130

The quadruple lensed quasar HE 0230-2130 was discovered Wyisotzki et al. (1999 in the
course of the Hamburg/ESO survey Wisotzki et al. 1996). The quasar is at redshift z=2.16.
The separation between the four quasar images ranges from ag =0.74%t0  Ap=2.190 A
galaxy over-density was discovered 49south-west of the quasar images Raure et al. 2004.
Eigenbrod et al. (2006 identi ed the redshift of the two main lensing galaxies that lie between
the quasar images respectively at z;1=0.523 0.001 and zg»=0.526 0.002. A detailed
image of the components of the system is displayed in top lefpanel of Figure 4.1.

4.2.2 The quadruple quasar RX J0911+0551

The quasar RX J0911+0551, was originally selected from the RSAT All-Sky Survey (RASS;
Bade et al. 1995. It was classi ed by Bade et al. (1997 as a multiply imaged quasar with
at least three images at redshift z=2.80. In an analysis withhigher resolution imaging from
the Nordic Optical Telescope (NOT, La Palma) observations,Burud et al. (1998 discovered
a fourth image of the quasar. The lensed quasar is describedsahree very close images
(A1, A2 and A3, with  A142=0.48%0 A143=0.96% and an isolated fourth image (B) located
a1e =3.05%0west of image Al. The lensing system comprises an elongatedrising galaxy
located at  a16=0.86%and a galaxy cluster centered at a distance of 38from the quasar im-
ages. The redshift of the lensing galaxy was measured from Kk observations: z=0.769 (see
Kneib et al. 2000). Kneib et al. (2000 characterized the galaxy cluster located south-west of
the quasar images at z=0.769 0.002, based on the spectroscopic measurements of 24 galaxy

members. The measured velocity dispersion of the galaxy céter is of: =836+1280% kms 1.
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HE 0230-2130 RX J0911+0551

H 1413+117 B 1359+154

Figure 4.1: HST F814W images of the four lensed quasars and their lensingalax-
ies. Left to right, top to bottom: HE 0230-2130, RX J0911+058l, H 1413+117 and
B 1359+154. All images except that of H 1413+117 (WFPC2 obsesations Turnshek
1994) were obtained as part of the CASTLES survey with the NICMOS nistrument
(Munoz et al. 199§. All images extracted from the CASTLES website: http://cfa-

www.harvard.edu/castles/.
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A detailed image of the components of the system is displayeth top right panel of Figure
4.1

4.2.3 The quadruple quasar H 1413+117

The quadruply imaged quasar H 1413+117 was rst identi ed as a gravitationally lensed
quasar by Magain et al. (1988. It is one of the rare multiply imaged Broad Absorption

Line (BAL) quasars. The quasar is at a redshift z=2.55, while the spectroscopic redshift
of the lensing galaxy is still unknown. The presence of a gaky cluster in the direction of

the quasar was rst suspected byKneib et al. (1998 and con rmed by Faure et al. (2004),

at a photometric redshift z 0.8 0.3 (using up to six photometric bands). Additional ab-
sorption systems were identi ed in the BAL quasar spectrum & redshifts z=1.66 and z=1.44
(Magain et al. 1988. A detailed image of the lensed quasar images is displayed the bottom

left panel of Figure 4.1.

4.2.4 The multiple quasar B 1359+154

The lensed quasar B 1359+154 was discovered as part of the CIIS survey and discussed by
Myers et al. (1999. The quasar is at redshift z=3.24 and has a maximum image segration
of 1.7°9 As identi ed by Rusin et al. (2001), this system shows at least six images of a radio
source and its star forming host galaxy. The main share of thdensing potential is produced
by three lensing galaxies (G, G' and G" in Figure 4.1) inside the Einstein ring with currently
no spectroscopic redshift available; however, the three daxies have been identi ed as the
core of a galaxy group possibly at redshift z 1 based on optical colors and mass estimates
derived from models of the system Rusin et al. 200]). A detailed image of the components
of the system is displayed in the bottom right panel of Figure4.1.

4.3 The VIMOS dataset

This set of observations was collected in service mode betea October 2004 and March
2005. The data were taken with the Integral Field Unit (IFU) u sing the low, medium and
high spectral resolution modes.

4.3.1 The VIMOS Integral Field Unit

A schematic representation of the VIMOS Integral Field Unit (IFU) is displayed in Figure
4.2 (extracted from Zanichelli et al. 2005. The IFU head consists of 6400 bers coupled to
microlenses, divided into four quadrants. Each quadrant is made of four sib-sets of 400
bers corresponding to 20 20 pixels areas (A, B, C and D in Figure4.2) which are, again,
subdivided into 5 modules of 20 4 pixels (1 to 5 from the gure). Each quadrant (40 40
pixels) has a mask associated which has four \pseudo-slits(A, B, C, D) that are fed with the
corresponding 20 20 pixels sub-set (A, B, C, D). The 80 bers inside each of the Smodules
composing these subsets are aligned in the pseudo-slit (teqight panel in Figure 4.2) and the
ve modules are stacked together (bottom-right panel from Figure 4.2).

The instrument can work in three resolution modes: low resaltion (LR, spectral resolu-
tion: 210-260, dispersion: 5.3 pix 1), medium resolution (MR, spectral resolution: 580-720,
dispersion: 2.5A pix 1) and high resolution (HR, spectral resolution: 2500-3100dispersion:

1Optical micro-lenses, not to be confused with gravitationa | microlenses.
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Figure 4.2: Schematic representation of the VIMOS IFU: (a) The 80 80 micro-lenses
coupled to bers divided into four quadrants, divided into bur sub-sets of 20 20 pixels:
A, B, C and D (for clarity, shown only for quadrants 1 and 3). These sub-sets feed the
four \pseudo-slits" on the IFU masks (c) in the VIMOS focal plane (shown for quadrant
3). Each 20 20 pixels sub-set is in turn divided into 5 modules of 80 bereach. The
bers in each module are aligned onto the pseudo-slits, fallving a line by line reading
as can be seen in (b). These modules are aligned in the pseuslid-as displayed in (c).
Figure extracted from Zanichelli et al. (2005).
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0.6A pix 1). In the LR mode all bers are used, whereas in the MR and HR moas only one
pseudo-slit is used per quadrant (sub-sets and pseudo-giB from Figure 4.2). Therefore, the
size of the eld-of-view depends on the spatial sampling. Wehave selected the sampling so
as to cover a 299 27 eld size (0.33°9 ber in LR and 0.67 °? ber in MR/HR). The targets
were observed through the LR-blue, MR and/or HR-red/orange grisms.

We have coupled the LR-blue grism with the OS-blue Iter to cover a wavelength range
of : 3700-670@. The MR- and HR-red grism observations were coupled with the GG475
Iter to cover a wavelength range of : 5000-10008 and : 6350-860@ respectively, while
the HR-orange grism was coupled with the GG435 lIter to cover a wavelength range of :
5250-755@..

4.3.2 Observing runs

A summary of the observing runs used for this analysis is dislpyed in Table 4.1. For

RX J0911+0551 and HE 0230-2130 we have retained only the exgares conducted under
a seeing below 1.9%and an airmass less than 1.7. For H 1413+117 and B 1359+154 weatie
considered the observations including at least three quadmts and obtained with an airmass
below 1.7, as well. This represents total exposure times of Ks in LR and 11 ks in HR for

HE 0230-2130, of 7 ks in LR and 9 ks in HR for RX J0911+0551, of 7%«in LR and 9 ks in

MR for H 1413+117 and of 11 ks in MR for B 1359+154.

4.4 Data reduction

The data reduction has been performed mainly using the VIMOSInteractive Pipeline &
Graphical Interface (vipgi : Scodeggio et al. 2005Zanichelli et al. 2005. While most infor-
mation concerning the data processing can be retrieved frorthe vipgi Cookbook (Garilli et al.
2007 and some important issues are discussed iCovone et al. (2006, we nd it necessary
to provide additional details on some of the most complex redction steps in order to make
the VIMOS IFU data reduction more transparent for future vipgi users. A owchart of the
reduction procedure is displayed in Figure4.3 (extracted from Zanichelli et al. 2005).

4.4.1 First adjustments

The location of the object spectra and the wavelength calibation both require an accurate
description of the instrumental distortions. The pattern of these distortions is provided
in the data header. However, the instrument exures change \ith the pointing direction
and, therefore, these values can only be used as \rst guessé for a further improvement
by polynomial ts. The vipgi software o ers the opportunity to tailor these rst guesses
separately for each frame in the observation run.

During this step, individual bers can be agged as \dead" if necessary (i.e. zero ber
transmission/e ciency). The agged bers will not be consi dered in any of the subsequent
ttings. If the agging is not made properly, it yields a dist orted image of the astronomical
object, as illustrated for example in Figure 4.4. A quality control routine allows us to check
the adjustments in the di erent science exposures. The corected rst guesses are then applied
to the entire scienti ¢ and calibration dataset.

2For HR, the observations through quadrants 1, 2 and 3 were obtained with the red lIter, while there was
no red grism for quadrant 4. Here we used the orange grism instead, see VIMOS Handbook 30 June 2005.
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Table 4.1: Observation log (all observations performed between Octeb2004 and March
2005).

Object Mode Night FWHM | Air Exp
00 Mass | sec

HE 0230-2130 LR Blue Nov. 17 0.60 1.24 | 2355
Nov. 17 0.58 1.50 | 2355
Dec. 5 1.08 1.02 | 2355
HE 0230-2130 HR Red Oct. 16 0.60 1.18 | 2205
Oct. 16 0.72 1.07 | 2205
Oct. 16 0.87 1.02 | 2205
Oct. 16 0.61 1.09 | 2205
Nov. 13 0.54 1.24 | 2205
RX J0911+0551 | LR Blue Dec. 8 0.58 1.28 | 2355
Dec. 9 0.67 1.31 | 2355
Dec. 15| 0.83 1.29 | 2355
RX J0911+0551 HR Red Dec. 5 0.47 1.25 | 2205
Dec. 5 0.46 1.41 | 2205
Dec. 10| 0.52 1.24 | 2205
Dec. 10| 0.50 1.40 | 2205
H 1413+117 LR Blue Mar. 18 1.27 1.25 | 2355
Mar. 18 1.13 1.26 | 2355
Mar. 18 1.21 1.64 | 2355
H 1413+117 MR Orange | Mar .17 0.83 1.24 | 2205
Mar. 17 1.22 1.29 | 2205
Mar. 17 1.03 1.42 | 2205
Mar.17 1.12 1.68 | 2205
B 1359+154 MR Orange | Feb .13 1.40 1.24 | 2205
Mar. 4 0.81 1.33 | 2205
Mar. 15 0.59 1.30 | 2205
Mar.15 0.39 1.33 | 2205
Mar.16 0.88 1.38 | 2205
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Figure 4.3: Flowchart of the di erent reduction steps in vipgi . Optional steps are dis-
played in gray. Figure extracted fromZanichelli et al. (2005).

Figure 4.4: Resulting images of a point-like object in the HR mode for inarrect (left
panel) and correct (right panel) agging of the bers. In the left panel dead bers have
not been agged, hence during the rst guess adjustment, thesoftware assigns to these
bers the ux of the adjacent one.
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In the second quadrant of the LR mode, the rst 80 bers were agged as dead because
of their low transmission in all frames.

4.4.2 Spectra tracing and extraction

After the rst guess correction, one needs to trace the spect in the di erent exposures. To
do so, we use a high signal at eld exposure obtained immeditely after the science exposure.
In the LR mode, we use the global t parameters proposed in theimage headers, as they
allow a good tracing; for the pixel binning we use 20 pixels tatrace the spectra from their
start to their end. For the MR/HR frames, better results are o btained ignoring the global t
distortion model, thus, the IFU binning then needs to be larger than 20 pixels (the best t
was obtained for 50 pixels). From this t, a table of spectra positions is built. The position
table has to be visually inspected to check whether the speca are correctly traced.

The inverse dispersion solution is calculated next in the \ceate master lamp" routine.
This is done by tting a third order polynomial to the lamp fra me, starting from the rst
guesses. The inverse dispersion solution was checked viflyaover the raw frames as well
as through the distribution of the Root Mean Square (RMS) redduals of the t. The RMS
residuals are of about 0.A 0.7A for the LR frames and 0.09A 0.06A for the MR/HR frames.

Independently, the science frames are corrected by a mastdrias and over-scan trimming.
Then, the object spectra are extracted from the science exmures. At this stage, cosmic rays
are detected and eliminated and the wavelength calibrationis applied.

4.4.3 Last calibration and exposure combination

The nal phase of the reduction process includes many stepsFirst, the software applies a
ber-to- ber correction in which the transmission of each ber is calibrated. This ber-to-
ber correction is calculated using a bright and isolated sky-line present in all bers. The
transmission is corrected so that each ber has the same ux # along the sky-line. To
perform this correction we have selected the 5574 sky-line in LR-blue, MR and HR-orange
and the 630A sky-line in HR-red.

The sky contribution is dealt with in a statistical way ( Scodeggio et al. 200bby sub-
tracting the mode spectrum in each pseudo-slit. This gives atisfactory results if at least
50% of the bers in the frames relate to pure sky, which is the ase for the current dataset.
The spectro-photometric calibration of the science framesvas made using the observation of
standard stars, which accurately corrects for the relative ux.

The information available in the science frame headers comening the position of the
pointing for our data is not accurate enough to be used as a gde for combining the dithered
exposures. Therefore, we have computed the shifts betweehe di erent exposures using the
brightest objects in the frame. This is a delicate step becase of a Point Spread Function
(PSF) shape problem which is discussed in SectioA.4.4.

Then, the di erent exposures are combined using a median ler to eliminate the dead
pixels and remaining cosmic rays. The resulting product is adatacube: for each pixel within
the 2790 27%0region of the sky, a spectrum is available (see Figurel.5 for a sketch of the
cube). During this combination, a fringing correction may be applied.

The datacube is then corrected for di erential atmospheric refraction. Applying a theo-
retical di erential atmospheric refraction correction wa s attempted, but it did not give satis-
factory results. Instead, we have computed and applied an epirical di erential atmospheric
correction: in most cases, the quasars are very bright in thelatacube, so we have been able
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4.4. DATA REDUCTION

Figure 4.5: Sketch of the nal IFU datacube. Each pixel on the front face bthe cube
contains a spectrum with wavelength dispersion as indicatkein the gure.



CHAPTER 4. INTEGRAL FIELD SPECTROSCOPY OF LENSED QUASARS 63

to ta polynomial to the highest ux position of the quasar im age for each wavelength. Then
the position correction to be applied to each wavelength cutof the datacube was known.
Images of the elds around HE 0230-2130, RX J0911+0551 and H4113+117 are shown
in Figures 4.6, 4.7 and 4.8. The images were created by adding all the monochromatic stes
in the datacube, excluding those corresponding to strong sk emission lines and the edges
of the grisms. In the case of B 1359+154 we only have MR obsertians with one missing
guadrant and low signal-to-noise ratio (S/N 4), hence we could not create such an image.

Figure 4.6: The 27°° 27%¢ld-of-view around the multiple quasar HE 0230-2130: VIMCS
IFU LR data cube (left panel) and FORS1 R band image (right paerl). The components
of the system are labeled as in the text. Orientation and saalare identical in the left and
right panels. A FORS1 R band zoom of the system is displayed ithe bottom left hand
corner of the right panel.

VIMOS S HST WFPC F555w
Spiral
B
d O
Galaxy_2
A/' KCH2000- o
Galaxy_1
A3 5
T A2 G
N Al
RX J0911+0551 E RX J0911+055

Figure 4.7: The 270 27%eld-of-view around the multiple quasar RX J0911+0551: VI-
MOS IFU LR data (left panel) and WFPC F555W band image (right panel). The com-
ponents of the system are labeled as in the text. Orientatioand scale are identical in
the left and right panels. A WFPC F814W band zoom of the systens displayed in the
bottom left hand corner of the right panel.
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Figure 4.8: The 27°° 27%eld-of-view around the multiple quasar H 1413+117: VIMOS
IFU LR data (left panel) and ISAAC J band image (right panel). The components of the
system are labeled as in the text. Orientation and scale araléntical in the left and right
panels. A WFPC F814W band zoom of the system is displayed in ¢hbottom left hand
corner of the right panel.

4.4.4 An additional PSF problem with VIMOS

After the reduction steps and the corresponding checks desibed above, the PSF in the
science target and standard star datacubes still appearedl@engated along the east-west di-
rection for all individual exposures. We could not nd any VI MOS documentation reporting
on this problem; however, it has been con rmed by ESO sta (private communication) that,
as the IFU head is placed at the edge of the VIMOS eld-of-view the image of a point source
is subject to an aberration and appears slightly elongatedn one direction (see for example
image B of RX J0911+0551 in the left panel of Figure4.7). Besides the time investment in
understanding the reason for the elongation, it is very dic ult to quantify how much this
issue impairs the image resolution in the datacubes, as it i& combination of other e ects as
well (seeing, signal-to-noise and dithering).

However, and as shown hereafter, it is still possible to extct relevant spatial information
from the data.

4.5 ldenti cation of the quasar and galaxy spectra

A number of tools were used to visualize and analyze VIMOS datcubes. We used mainly the
Euro3D software (Sanchez 2005, http://www.aip.de/Euro3 D) that allows us to inspect the
datacube, both in an interactive and automated manner (guidcance on the use of the software
can be found in the Euro3D documentation).

We have used existing deep images of the target eld-of-viewto identify and locate objects
that are faint in the VIMOS rebuilt images (27 °° 27%. We have used VLT/FORS1 R band
data to locate objects in the eld around HE 0230-2130, HST/WFPC-F555W and F814W
for RX J0911+0551 and HST/WFPC-I1814W, ISAAC J and ISAAC K for H 1413+117 (HST
program PIs, respectively: J. Hjorth and A. Westphal and VLT program PI: F. Courbin).

The objects for which we have detected a signal are shown andlheled in Figures4.6,
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4.7 and 4.8 for HE 0230-2130, RX J0911+0551 and H 1413+117, respectivel For redshift
analysis we use theez® software coupled with spectral templates Kinney et al. 1996), plus
iraf routines. We provide below a detailed analysis of the di eret spectra.

45.1 The eld of HE 0230-2130
The quasar spectra

The spectra of the quasar images have a very high signal-toaise ratio (S/N 40 in the
continuum). However, because of PSF shape problems and of ¢hsmall angular separation
between the quasar images, it is not possible to separate ate spectra of the di erent quasar
images. We have patrtitioned the images in two groups, A+B (fom now on AB) and C+D

(from now on CD), which are visually resolved in the nal datacube (see Figurest.1 and 4.6
for labels). Based on the Lyman (12157A) + NV(1240 A), SilV+0I1V](1398 A), CIV(1550A)

and CII1](1908A) emission lines, the spectra from both AB and CD provide a sarrce redshift
z=2.163 0.003, in agreement withWisotzki et al. (1999. In the two spectra an absorption
system is detected at the same redshift of the quasar, likelpriginating from the quasar's host
galaxy. No other obvious absorption systems are detected ithe spectra (see Figure4.9).

Galaxies in the eld around HE 0230-2130

We have extracted spectra at the location of the main lensinggalaxies (LG1 and LG2 as
shown in Figures4.1 and 4.6) that are highly contaminated by quasar emission. Therefoe, a
scaled version of the spectrum of the isolated quasar image Ras been subtracted. Doing so,
we are able to detect absorption lines from both lensing galdes. We measure the redshift
of LG1 at z=0.521 0.004 and of LG2 at z=0.524 0.003. These redshifts are in agreement
with those obtained by Eigenbrod et al. (2006 (z.c1=0.523 0.001;z. c,=0.526 0.002).

Another galaxy is seen in the eld, north-west of the quasar mage A (  =-15%0 =9.200
Galaxy_1 in Figure 4.6). Its spectrum shows the Call K, Call H and G-band absorption lines,
and also the [Olll] and [Oll] emission lines (see Figure4.10). From these lines we measure a
redshift of z=0:518 0:002, thus, this galaxy is probably a member of the group or clster to
which the lensing galaxies LG1 and LG2 belong.

45.2 The eld of RX J0911+0551
The quasar spectra

Much like with the previous system, due to the small separatbons between images Al, A2 and
A3 ( a1a2=0.48%0  2143=0.96%0 A5n3=0.61%9 and the distorted shape of the PSF, it was
not possible to separate the spectra of the three quasar im&s. Therefore, they are treated
as a single object called A (see Figurd.7, left panel).

In the LR-blue mode, the A and B quasar spectra exhibit Lyman +NV+QV], SilV+O0IV]
and CIV emission lines at redshift z=2.790 0.009. As already mentioned byBade et al.
(1997, we can also detect several absorption lines in both the A ad B spectra; CIV and
Lyman atz=2.42 (or -29,000 km s ! with respect to the quasar), CIV, SilV, and Lyman

atz=2:63 (or -13,000 km s ! with respect to the quasar), and a few more absorption lines
at wavelengths below 4508. An absorption line at 5488A, if identi ed as CIV, would imply
a redshift of z=2.54 (or -22,000 km s * with respect to the quasar). It might correspond

®Redshift analysis software by the authors of vipgi : http://cosmos.iasf-milano.inaf.it/pandora/EZ.html
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Figure 4.9: Low resolution spectra of HE 0230-2130. Top panel: combinedpectra for
images AB. Middle Panel: combined spectra for images CD. Bodm panel: ux ratio
between the two spectra. Shaded regions indicate the spedtranges dominated by intense
sky line residuals.
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Figure 4.10: Neighborhood of HE 0230-2130: Low resolution spectrum of ¢éhgalaxy in
the eld around HE 0230-2130 (labeled Galaxyl in Figure 2) and a scaled version of
a template elliptical galaxy spectrum. From the lines showrwe measure a redshift of
z=0.518 0.002.

Table 4.2: Values obtained for the ve parameter Gaussian ts of the aberption lines
detected in the spectra of RX J0911+0551. An asterisk (*) dewtes the lines close to the
5577A sky line.

Redshift | Line | Center [A] | FWHM [A] | [km s 1]

Ly - - -
z=2.80 Civ 5840.5 15 330
Cui 7185.5 19 340
Ly 4404 30 940
z=2.63 | Cv 5618.5 19 430
Cii - - -
Ly - - -
z=2.54 | C\vy 5487.5 28 640
Cii - - -
Ly 4163 29 900
z=2.45 C|V - - -
Cii - - -

to the line identi ed by Bade et al. (1997) at 5546A (z=2.57), although its proximity to the
5577A intense sky line makes its redshift determination uncertan. The absorption lines have
velocity dispersions of 1000 km s ! (see Table4.2), hence, the quasar was classi ed as a
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Figure 4.11: VIMOS IFU spectra of RX J0911+0551. Left panel: low resolution spectra.

Right panel: high resolution spectra. Top panels: summed sptrum for image A. Middle

panels: spectrum for image B. Bottom panels: ux ratio betwen the spectra A and B.
Shaded regions indicate spectral ranges dominated by skysiduals in the low resolution,
whereas everything longwards of 75@0in the high resolution spectra, is dominated by
sky residuals.

mini-BAL quasar (e.g., Chartas et al. 200]). The physical origin of the absorption lines is
still under discussion; the most likely interpretation is that these lines are due to high-velocity
out ows related to the quasar central engine (e.g.,Reichard et al. 2003.

In the HR-red spectra of the A and B quasar images, we detect th CllI] emission line
at the quasar redshift, not seen in the previous spectra oBade et al. (1997). Thanks to
the VIMOS high quality data, we also detect a few absorption fatures on top of the CIV
and CIII] emission lines. Their FWHM are smaller than those d the other absorption lines
previously indicated (see Table4.2). These narrow features could either be produced by
out owing material from the quasar central engine, or signaures of the quasar host galaxy.

In Figure 4.11the spectra of images A and B are shown in low and high resolubn modes
respectively, as well as the ux ratios between the spectra.Residuals in the ux ratios are
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discussed in Sectiord.6.
Galaxies in the eld around RX J0911+0551
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Figure 4.12: Neighborhood of RX J0911+0551: Spectrum of Galaxyl and of an Sa
spectral template for comparison. Identi ed lines are higHighted by dotted straight lines.
They yield a redshift z=0.484 0.001.

We are unable to detect any absorption features from the lensg galaxy because of the
intense contribution of the three quasar images. Neverthalss, in the low resolution data we
newly identify three objects in the eld: Galaxy _1, Galaxy_2 and Spiral as labeled in Figure
4.7. We are only able to con dently measure the redshift of Galay_1 for which we obtain
a value z=0.484 0.001 (see Figure4.12), indicating that it is not a member of the cluster
found by Kneib et al. (2000 at z=0.769.

In the HR-red mode, we identify the galaxy labeled KCH2000-3in Figure 4.7, which had
been previously detected byKneib et al. (2000 and measured at z=0.7618. Our determina-
tion of the redshift gives z=0.762, in good agreement. This glaxy is part of the galaxy group
discovered south-west of the quasar.

453 The eld of H 1413+117

The quasar images cannot be visually resolved in the two dinmsional cuts, either in the
LR or in the MR spectroscopy. The low and medium resolution suinmed spectra for all
four quasar images show the Lyman , NV, SilV emission lines coupled with their broad
absorption counterparts and the CIll] line. From the emission lines we measure the quasar
redshift at z=2.554 0.002.

The higher spectral resolution and longer wavelength rangevailable in the medium res-
olution mode allows us to detect the absorption systems alrady described byMagain et al.
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Figure 4.13: Left panel: LR-blue spectrum of H 1413+117. Right panel: MRerange

spectrum of H 1413+117. Both spectra were reconstructed bydaling the contributions

from the four quasar images. The dashed areas highlight regis a ected by sky subtrac-

tion residuals. The lines identi ed with the z=1.44 and z=1.66 absorption systems are

indicated on the medium resolution spectrum. Two other doulet systems are seen at
6450A and 6600A.

(1988. Taking advantage of the improved resolution and small widh of the absorption lines
we have been able to obtain very tight values for their redshits. In the rst absorption system,
the Fell triplet ( 57504) and the Mgll doublet ( 68504) yield a redshift z=1.4381 0.0002;
in the second system, the Allll doublet ( 495Q), Fell triplet (  630Q), the Fell doublet
( 69007A) and the Mgll doublet (  74504) vyield a redshift z=1.657 0.001. Two other dou-
blets are detected at 6450A and 660QA; they do not seem to be related and it is hazardous
to assign them a speci ¢ identi cation. Low and mid-resolution spectra are displayed in Fig-
ure 4.13

454 The eld of B 1359+154

For the quasar system B 1359+154 only the MR-mode was used. Ibeing a faint and high
redshift quasar, the signal-to-noise ratio is lower than inthe other datasets (S/N 4 in the
continuum).

However, we can recover a spectrum of the quasar by summing ewthe spatial elements in
the two dimensional wavelength cuts (spaxels) of the di erent quasar images. The spectrum
(displayed in Figure 4.14) exhibits the Lyman , NV, SilV+0OIV], CIV and Hell lines, yielding
a redshift z=3.235 0.003.

No absorption systems are observed in the spectrum. In addibn, no galaxy is detected
in the eld. As no spectroscopic signature could be recovem from individual images, no
further analysis was possible for this quasar.
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Figure 4.14: MR-orange spectrum of B 1359+154 (all spaxels with signal hae been
summed). Shaded areas correspond to regions a ected by skulgraction residuals.

4.6 Interpretation of the spectral di erences between the g uasar
images

4.6.1 Spectral dierences in HE 0230-2130

In order to identify and analyze any di erences between the pectra from images AB and
CD, we rst simply measure the ratio between the two spectra. The ratio varies with wave-
length, in particular it is di erent if measured over the con tinuum or over the emission lines.
Furthermore, a mild slope in the continuum ux ratio is observed. Notice that the edge of
the grism (<4000Q4) is an un-trustable region and has been dropped in the analgis.

To study this phenomenon further, we developed a specic proedure to extract the
spectral energy distribution (SED) of the four individual quasar images: a surface with
four Gaussian pro les was tted to each 2D monochromatic slice of the LR-blue datacube.
Distances between the Gaussian centroids correspond to thdistances between the quasar
images as provided in the CASTLES web pagg from HST data. A further constraint is that
the FWHM (in both directions: x and y) should be identical for the four proles at each
wavelength cut. The t was performed using Levenberg-Marguardt routines in an iterative
fashion (MPFIT, Craig Markwardt °). In Figure 4.15we show the extracted spectra for images
A and D of HE 0230-2130, while their ratio is displayed in Figues4.16and 4.17. The spectra
of the isolated images A and D display emission line di erenes as well as a mild continuum
slope di erence. This is not surprising as image D of the quaar is located almost behind the
lensing galaxies: LG1 and LG2 (Figures4.1 and 4.6), therefore, it is prone to be a ected by
individual stars and interstellar matter in them. Indeed, t he ux ratios between images A

“http://cfa-www.harvard.edu/castles/
®http://cow.physics.wisc.edu/  craigm/idl/
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Figure 4.15: Spectra of the individual images A and D of HE 0230-2130. The earmalized
spectrum for each image is displayed. The spectrum for imagg has been shifted upwards
by 1.5 ux units for comparison. Shaded areas highlight regins a ected by sky subtraction
residuals.

and B and between images A and C (not shown here) show little ono variation above the
noise, contrary to image D.

Intrinsic quasar variability is a possible, but unlikely, explanation for this phenomenon.
Indeed, images A and D are separated by a time-delay and, thefore, any intrinsic variation
of the quasar ux would be re ected at di erent epochs in images A and D. However, intrinsic
variability of the quasar itself would more likely show selective emission line di erences rather
than similar magni cation in all the emission lines. Indeed, di erent lines being emitted from
di erent regions in the quasar are not likely to vary at the same time (Kaspi et al. 2000.
Hence a more plausible explanation for the emission line dierences is microlensing by stars
in the lensing galaxy, a ecting preferentially image D of the quasar.

Microlensing is expected to a ect the continuum emission mee strongly than the broad
line emission because the continuum emitting region is thoght to have a size comparable to
those of the Einstein rings of stellar microlenses, whereabe broad line region is much larger
(e.g., Schneider & Wambsganss 1990Abajas et al. 2002. To demonstrate this: based on the
virial theorem, the size of the broad line region Rg.r) is estimated to be (Peterson et al.
1998

VEWHM 2 Mgy
10°%km s 1 108M

RgLr =0:57pc (4.2)

where vewnm IS the velocity derived from the FWHM of an emission line and Mgy is the
black hole mass. Assuming a reasonable size for the continouemitting region (Rcont) Of
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1,000 Schwarzschild radii (), we get:

Reont =9:1 10 3pc 1'2)/'875“;' : (4.2)

It is obvious that Reont RpLr, independently of the black hole mass. In this case, the
continuum of image D could be magni ed by microlensing, makng the emission lines \sink"
in the continuum and, therefore, making them appear small incomparison to the emission
lines of image A.

Could microlensing also explain the slope di erence (chromatic e ect) seen between the
two images A and D? Accretion disk models predict that contiruum emission from the central
part is bluer than that from the outer part ( Shakura & Sunyaev 1973. In general, the
innermost part of an accretion disk (blue-emitting) is more strongly a ected by microlensing
than the outer part (red-emitting) as the Einstein ring of mi crolenses matches better the
size of the inner accretion disk (e.g.Wambsganss & Paczynski 1991Yonehara et al. 199§.
Therefore, to rst order and in a naive vision, an image aected by microlensing should
exhibit a bluer continuum. In image D, the situation is reversed: the quasar image thought
to be aected by microlensing (image D) appears redder than he image not a ected by
microlensing (image A). Let us examine how this could happen

In Figure 4.16we illustrate how microlensing can change the slope of the u ratio between
images A and D, by using a simple model for the caustic. We addpa standard accretion
disk model for the continuum emitting region (Shakura & Sunyaev 1973. The black hole
mass is set at 18M , the accretion rate is set xed at the critical accretion rate and the
inner and outer radii are set at 35 and 1,000 ¢ respectively. Additionally, we assume a single
straight line caustic and apply the following approximated formula for magni cation () (e.qg.,
Schneider et al. 1992

X 1=2
= + a2 (x>0 4.3)
Xscale
= a (x<0)

where Xgcaie IS the scale length of the caustic and is chosen to be identit#o the Einstein ring

radius of a lensing object with mass M . The parameter , represents the total magni ca-
tion except for a pair of micro-images which appear/disappar at the caustic crossing. For
image A and image D, the , values are arbitrarily set to be 3.0 and 2.0 in order to match
the observed continuum ux ratio ( 1.5).

As already seen in Chapter3, microlensing is not the only possible explanation for the
chromatic e ect. Galactic dust extinction through the lens ing galaxy is also an alternative.
In this case, galactic dust would block the blue light from image D, making it look redder in
comparison to image A, and resulting in a decreasing ux ratb towards the redder part of the
spectrum, as observed between images A and D. We evaluate tlehiromatic feature which is
to be expected from di erential dust extinction (e.g., Jean & Surdej 199§. For these calcula-
tions, we consider a normal extinction law,Ry =3.1, for dust in the Milky Way ( Cardelli et al.
1989 and an extinction law as in the Small Magellanic Cloud (Gordon et al. 2003. In both
cases, we assume a local gas-to-dust rati@®6hlin et al. 1978) Ay=5:3 10 %Ny, whereAy
and Ny are, respectively, the dust extinction in the V band (in magnitudes) and the column
density of hydrogen gas in cm 2. We also assume that the di erence in the gas column density
in front of the images is 5 10°°%cm 2 in the case of the Milky Way, and is 5 10°'cm 2 in the
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Figure 4.16: Simple microlensing model for HE 0230-2130. Top panel: Scineatic of
the straight line caustic with respect to the source. d is thelistance measured between
the center of the source and the caustic. Bottom gure: ux ratio between HE 0230-2130
images A and D. Superimposed on the ux ratio observed curvehe straight lines are the
modeled ux ratios in di erent situations, that is for dier ent distances d. The solid line
is the modeled ux ratio without microlensing (i.e. d=1 ). The dotted, the dashed, and
the long-dashed lines correspond, respectively, to the meled ux ratios with microlensing
for distances between the caustic and the source center assdeibed in the legend. The
shaded area denotes the blue extremum of the grism (un-trusdile region).
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Figure 4.17: A normal extinction law, Ry =3.1, for dust in the Milky Way (solid line) and
an extinction law as in the Small Magellanic Cloud (dotted le) on top of the ux ratio
between images A and D of HE 0230-2130. The shaded area derothe blue extremum
of the grism (un-trustable region).

case of Small Magellanic Cloud. Figure4.17 shows the extinction expected from these two
models. Both of them seem to trace at least part of the slope tht we see in the continuum
ux ratio, therefore, galactic extinction is a plausible explanation for the phenomenon.

In conclusion, in the case of HE 0230-2130, our preferred iatpretation for the di erence
between the spectra of images A and D is microlensing due to # lensing galaxies LG1
and LG2 a ecting image D. It explains both the emission line dimming and the continuum
reddening in the spectrum of image D. However, this is not theonly interpretation: in
particular the e ect of the interstellar matter and dust in t he lensing galaxies should not be
overlooked.

4.6.2 Spectral dierences in RX J0911+0551

The di erent images of quasar RX J0911+0551 also exhibit spetral ux di erences. However
due to the small separation of the images, it is impossible toapply the same extraction
procedure as for HE 0230-2130. In order to quantify the di eences between the spectra,
we have performed Gaussian prole ts to the three main emis$on lines in the LR-blue
wavelength range. Using the continuum levels obtained fromthe Gaussian ts, we have
derived the equivalent widths (EW) of the emission lines, ard considered them as a measure
of their strength. This was performed using:
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ICONIY

EW I

(4.4)

1

whereS( ) is the ux at wavelength  and | is the continuum level for the chosen wavelength
range (in this case the range of the emission lines, delimiteby ; and ). The parameters
are displayed in Table 4.3.

Table 4.3: Parameters of the Gaussian ts for the emission lines in the gstem
RX J0911+0551: amplitude and continuum level are expresseih 10 1° erg s 1, position

centers, Gaussian and equivalent widths inA. The equivalent widths are measured in
the rest frame.

LINE Ly Si|V C|V
IMAGE A | B A B A B

Amplitude | 442 | 059 | 0.72 | 0.10 | 1.86 | 0.24
cent [A] | 4639 | 4636 | 5292 | 5287 | 5853 | 5843
[A] 75.95| 73.69| 33.03| 31.63| 55.61| 59.35
Continuum | 285 | 047 | 294 | 0.50 | 2.70 | 0.46
EW [A] 81.83| 63.69| 5.43 | 4.50 | 24.93| 20.13

The di erences between images A and B are con rmed by lookingat the equivalent width
values which are systematically larger in image A. While thecontinuum ratio is around 5.9,
the emission line ratio goes up to 7.7. Emission line residda are seen in the ux ratio
between images A and B, but in contrast to HE 0230-2130, the emsion lines appear to
be stronger in the image that is closer to the lensing galaxi® As argued in Section4.6.1,
we think that microlensing is the most probable explanation for the emission line residuals,
but in this case, given the distances of the images to the leisg galaxy, we would rather be
dealing with microlensing de-magni cation in the image conplex A.

To test this interpretation, we have built a \macro" lens mod el for RX J0911+0551, using
an elliptical e ective lensing potential ( Blandford & Kochanek 1987) with external shear.

Using this lens model, we have evaluated the e ective shear ¢ ) and the convergence
( »%"") on all the images of the quasar, in order to characterize theproperties of the time-
delay surface (e.g.,Blandford & Narayan 1986): minima, maxima or saddle points. The
results are shown in Figure4.18 Since images Al and A3 are located at saddle points,
they are more likely to be de-magni ed by microlensing Schechter & Wambsganss 2002
therefore, it is quite plausible that the continuum emittin g region of image complex A (A1,
A2, A3) is overall de-magni ed.

Of course, the e ective shear and convergence depend on th@mvergence provided by a
smooth distribution of matter ( ¢) and a clumpy stellar component ( ») in the following way:

gt = 7 (4.5)

eff - 1
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Figure 4.18: Results of a simple lens model for RX J0911+0551: Di erent vdues for the
e ective shear versus e ective convergence. The symbols oespond to di erent images

of the quasar: black squares: Al, black triangles: A2, cross: A3 and stars: B. From

left to right, the contribution of to - varies from 100% to 0%. All combinations place
the images Al and A3 in the zone of saddle points.

However, the quasar images Al and A3 lie at saddle points, no atter which fraction of

¢ and - isincorporated in the lens model (see Figuret.18).

Regarding the slope of the continuum ux ratio for RX J0911+0551, a mild tilt is also
observed. We have measured the slope of this variation by adgting a straight line over the
whole spectral range (see Figuret.19). The t has been adjusted over the continuum ratio
which was obtained after subtracting the Gaussian ts of the emission lines from the total
ux ratio. We have measured a slope of (-1.75 0.15) 10 “A 1. Due to the evidence for
microlensing de-magni cation, as argued above to explain lhe emission line residuals, we are
led to consider that microlensing is also responsible for th chromatic distortions, making the
complex image A appear bluer. However, this measured e ects of small signi cance and
impossible to disentangle from di erential extinction wit h the present dataset.

4.6.3 Spectral dierences in H 1413+117

In order to extract an individual spectrum for each image of the quasar we apply the procedure
described earlier in Section4.6.1 As before, owing to the small separation of the images, it
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Figure 4.19: A linear t to the continuum ratio for the lensing system RX JO 911+0551.
A mild slope can be seen.

is possible to do so only with data obtained in the low resoluion con guration. The spectra
of the four images are displayed in Figure4.20.
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Figure 4.20: Individual spectra for the four images of the quasar H 1413+17 after the
tting procedure. They have been normalized and shifted veically for easier comparison
(by 2.5 with respect to the bottom one). Shaded areas hightig regions a ected by sky
residuals.

We notice some di erences between the spectra. The quasar iage D exhibits the most
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obvious di erences when compared to the other images (see s Figure 4.21): the CIV line
clearly shows a smaller intensity with respect to the contirmum, while the SilV+OIV] line has
practically vanished. This again is consistent with the cortinuum of image D being magni ed
by microlensing.
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Figure 4.21: The normalized spectrum of image D of H 1413+117 (thin line) ad the
mean spectrum of images A, B and C (thick line). Shaded areashew regions a ected
by sky line residuals. The di erence in the relative ampli cation between the continuum
and the emission lines is evident, especially at the SilV+OV] and CIV lines.

Kayser et al. (1990 suggested microlensing as an explanation for photometrizariations
seen in image D of the quasar. Using integral eld spectrosqay observations, Angonin et al.
(1990 found spectral di erences between image D and the other thee images. They sug-
gested that the di erences were produced by broad absorptio line clouds being selectively
magni ed by microlensing. A comparison between the presenVIMOS spectral dataset and
the Angonin et al. (1990 dataset, in particular for image D, shows that the relative spectra
have changed: the CIV broad absorption feature 16 years ago ag wider in image D than
in the other images, whereas it now looks the same, and the SikOIV] emission feature is
even smaller in the VIMOS dataset ( 1/3 compared to the average of the other images mea-
sured from the continuum) than in the Angonin et al. (1990 dataset ( 1/2 compared to the
average of the other images). In addition, there appears to b a slight slope di erence in the
Angonin et al. (1990 dataset when image D is compared to the other images. Howevgthis
di erence is not observed in the VIMOS dataset. Again some orall of these features could
be explained by three phenomena: galactic extinction, mioplensing or intrinsic variability.
We comment below upon the evidences against or in favor of shicpossibilities:

Galactic extinction: if there is a steeper slope in the conthuum of a quasar image
when compared to the other images, it can be interpreted as dactic extinction. In the
Angonin et al. (1990 dataset, this might be the case with image D, however, no slpe
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di erence can be seen in the VIMOS dataset. As galactic extition is not expected to
vary over time (especially on such a short time scale of 15 yes) the slope should have
persisted. Furthermore, Turnshek et al. (1997 showed that the reddenings between
images B and C, as well as between images A and C were considelalarger than that
between images D and C. Finally, di erential extinction cannot explain the relative ux
di erences between the continuum and the emission lines whe measured in di erent
images. Therefore, we reject this interpretation.

Microlensing: the variation of the continuum slope of imageD, together with the varia-
tion on the relative intensity of the emission lines in all four images (particularly image
D) give a clear signal that microlensing is at work and is the kest candidate for generat-
ing the observed changes. As explained previously, micralsing can explain the chro-
matic continuum magni cation. In this case, the image that su ers magni cation of its
continuum is also the one that showed a bluer spectrum, whiclis the most likely kind of
chromaticity induced by continuum microlensing. The di er ences of the broad absorp-
tion features seen inAngonin et al. (1990 were interpreted as microlensing from broad
absorption clouds. This suggestion has been tested with dierent microlensing simu-
lations over the years (e.g.,Hutsemekers 1993 Hutsemekers et al. 1994 Lewis & Belle
1998, in which the BAL pro le of image D was reproducible. These di erences are
not seen anymore in the VIMOS dataset, which again is a resulfavoring microlensing
in image D, as 15 years is roughly the expected timescale for isrolensing variations
in H 1413+117 (Hutsemekers 1993 Finally, Ostensen et al.(1997) have shown, from
their photometric monitoring between 1987 and 1995, almostparallel light curves for
the quasar images, except for image D. Image D exhibits a sligly higher amplitude
in its overall variation, which, added to its spectral di er ences, makes a strong case for
additional microlensing a ecting image D.

Intrinsic variability: intrinsic variations of the quasar ux coupled with time-delays
between its multiple images would also induce spectral di @ences between the images.
Time-delays for this quasar have not been measured yet. Evethough its expected
value depends on the model, the symmetric disposition of théamages suggests that
it should be of the order of a month (e.g., model byChae & Turnshek 1999. If the
timescale of the quasar intrinsic variations is shorter thax the time-delay for image D,
then the brightness di erences could also be explained by tls phenomenon and 